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Autism Spectrum Disorder (ASD) and Obsessive-Compulsive Disorder (OCD) 
are frequently comorbid and share deficits in executive function, highlighting a need to 
understand the shared and/or disorder-specific neurofunctional abnormalities underlying 
these behaviours.  
First, a comparative, multimodal meta-analysis between ASD and OCD was 
conducted on whole-brain voxel-based morphometry structural magnetic resonance 
imaging (MRI) studies and functional MRI studies of cognitive control. Second, 
functional MRI (fMRI) was used to scan adolescent boys with ASD or OCD, and 
control boys while they performed tasks measuring sustained attention and reward-
based decision-making, including temporal discounting and gambling.  
Shared abnormalities were observed in the meta-analysis, where both clinical 
groups had reduced structure and function during cognitive control in medial prefrontal 
and anterior cingulate regions. During fMRI, shared abnormalities were also observed 
during executive function tasks of reward-based decision-making, where both clinical 
groups had reduced activation in ventromedial, inferior frontal and orbitofronto-striatal 
as well as temporo-parietal regions compared to controls.   
Disorder-specific abnormalities, on the other hand, were seen predominantly 
during tasks of non-emotional executive function. OCD patients had disorder-specific 
increases in striato-insular structure and function, whereas ASD individuals had 
increased structure but decreased function in dorsolateral prefrontal cortex during 
cognitive control. Temporo-parietal underactivation during sustained attention was 
uniquely associated with OCD compared to ASD and controls.  
These results present novel evidence that neurofunctional abnormalities, 
including temporo-parietal underactivation and striato-insular overactivation during 
non-emotional tasks of executive function may be mostly disorder-specific to OCD 
compared with ASD, whereas abnormalities during emotionally-driven tasks of reward-
based decision-making are predominantly shared between ASD and OCD, particularly 
in ventromedial, inferior and orbitofronto-striatal regions. These studies provide 
preliminary indication that both shared and disorder-specific neurostructural and 
neurofunctional biomarkers underpin cognitive dysfunction in these disorders that may 
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CHAPTER 1 - NEUROPSYCHOLOGICAL EVIDENCE OF 
EXECUTIVE DYSFUNCTION IN ASD AND OCD  
1.1 Introduction 
According to the Diagnostic and Statistical Manual of Mental Disorders-V 
(DSM-V; http://www.dsm5.org/ (American Psychiatric Association, 2013)), Autism 
Spectrum Disorder (ASD) is an encompassing term for a group of neurodevelopmental 
disorders characterised by a ‘triad’ of impairments in social interaction and 
communication as well as restricted, repetitive and stereotyped behaviours and interests 
(RRBIs), as described initially by Wing and Gould (Wing and Gould, 1979). To receive 
a diagnosis of ASD, an individual must exhibit all three of these symptom components 
(although the 5
th
 edition of the DSM (American Psychiatric Association, 2013) 
collapses communication and social difficulties into one category). ASD symptoms 
usually emerge between 3-5 years of age when communication and social relationships 
become important for typical development, but symptoms can be present and detected 
as early as the first year of life. Clinical diagnosis of ASD is most commonly made 
using one of two widely used diagnostic interviews: the Autism Diagnostic Interview – 
Revised (ADI-R) and the Autism Diagnostic Observation Schedule (ADOS). The ADI-
R is a detailed interview with the primary carer of an individual and assesses symptoms 
related to the triad and their past and current prevalence (Lord et al., 1994). The ADOS 
is a series of tasks that vary based on the verbal abilities of an individual and which are 
conducted with the individual to assess the presence of autistic traits based on the triad 
of symptoms (Lord et al., 2000). Prevalence estimates of ASD across the lifespan range 
from 0.6-1% (Baird et al., 2006), and the disorder commonly persists into adulthood, 
with overall estimates around 1%, but closer to 2% in men and 0.2% in women (Brugha 
et al., 2011).  
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ASD has a higher prevalence in males compared to females, with average 
estimates of about 4:1 (Rivet and Matson, 2011). However, these ratios are closer to 
10:1 in high functioning autism but fall to 2:1 in more severe cases that often include 
intellectual disability (Fombonne, 2009). Early theories proposed by Baron-Cohen et al. 
suggest that this high male prevalence may be due to an “extreme male brain” (Baron-
Cohen and Hammer, 1997), related to varied factors including foetal testosterone levels 
(Baron-Cohen et al., 2011). However, other recent work suggests that it may be at least 
partially due to a female “protective effect” (Skuse, 2000), such that girls require a 
greater aetiological load to manifest ASD-related symptoms (Robinson et al., 2013). 
Alternatively, a female “masking effect” (Kopp and Gillberg, 1992) has been proposed, 
where girls’ increased social interests and more socially ‘normal’ RRBIs mask 
symptoms of ASD (Van Wijngaarden-Cremers et al., 2014). Nonetheless, there is 
clinical under-representation and under-diagnosis in females with ASD, particularly in 
cases where intellectual disability is relatively unaffected (Dworzynski et al., 2012). 
Moreover, ASD is a highly heterogeneous condition and carries rates of comorbidity 
with a number of other psychiatric disorders, including ADHD and anxiety, that have 
been estimated as high as 30-40% (Leyfer et al., 2006) since the allowance of co-
diagnosis of other disorders with ASD in DSM-V (American Psychiatric Association, 
2013). 
Another disorder that commonly presents in childhood is obsessive-compulsive 
disorder (OCD).  DSM-V defines OCD as a disorder characterised by recurring, 
intrusive and distressing thoughts, known as obsessions, and ritualistic, repetitive 
behaviours, known as compulsions (American Psychiatric Association, 2013). In 
clinical settings, compulsions are commonly seen as goal-driven behaviours that a 
patient performs in response to an obsession, anxiety or threat he or she is trying to 
ignore or suppress (Robbins et al., 2012). This has been termed a ‘cognitive’ account of 
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OCD in the neuropsychological literature, suggesting problems with outcome valuation 
(Salkovskis et al., 2000), but other theories have been proposed suggesting that OCD 
arises from goal-directed dysfunction that interacts with an inability to exert control 
over response to anxiety, meaning that compulsions do not necessarily arise as a 
consequence of obsessions (Gillan and Robbins, 2014).  
While OCD is a highly heterogeneous disorder, symptoms have been divided 
into 4 broad categories,  (1) responsibility obsessions and checking rituals, (2) 
contamination obsessions and decontamination/washing rituals, (3) symmetry 
obsessions and ordering/arranging and counting rituals and (4) aggressive, sexual, 
somatic and religious obsessions and mental and reassurance seeking rituals (Mataix-
Cols et al., 2005, Abramowitz et al., 2010). Clinical symptoms of OCD are most 
commonly indexed using the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) 
(Goodman et al., 1989) symptom checklist, or the Children’s Y-BOCS (CY-BOCS) in 
paediatric populations (Scahill et al., 1997). The Y-BOCS is a detailed rating scale of 
OCD symptom severity split into obsessions and compulsions including items assessing 
how much time is taken and distress is caused by each symptom. OCD prevalence 
estimates range between 1-3% worldwide (Ruscio et al., 2010), with an overall average 
age of onset around 19.5 years, although one-half to one-third of individuals experience 
onset in childhood/adolescence, with one in five individuals experiencing onset before 
age 10 (Ruscio et al., 2010). A bimodal distribution of age of onset has been described, 
with mean age of early onset around 11 years and mean age of late onset around 23 
years (Taylor, 2011), with a higher proportion of males with early onset but a slightly 
higher proportion of females with late onset OCD (Fontenelle et al., 2006, Mathis et al., 
2011), as reported by clinic-based studies. However, epidemiological surveys of 
adolescents report equivalent gender ratios, or even a slightly higher prevalence in 
females (Shafran, 2001). It has also been shown that individuals with childhood-onset 
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OCD are more likely to have a family member with OCD, suggesting a possible genetic 
link in the aetiology of early-onset subtypes of the disorder (Piacentini and Bergman, 
2000).  
At an observational level, ASD and OCD can share certain behavioural 
characteristics; repetitive behaviours are among the core symptom features of both 
disorders (Anholt et al., 2010), and impulsive and compulsive behaviours have been 
cited as important characteristics of both disorders (Fineberg et al., 2009). Both 
disorders are also highly heterogeneous (Rasmussen and Eisen, 1992, Wiggins et al., 
2012) and can be clinically difficult to separate (Doshi-Velez et al., 2014). Rates of 
comorbidity of OCD in children with ASD have been estimated to be as high as 37% 
(Leyfer et al., 2006), while rates of comorbid ASD in individuals with OCD have been 
more conservatively estimated at around 6% (Murray et al., 2015), possibly due to the 
fact that the co-diagnosis of any disorder with ASD was only recently allowed in the 
latest edition of the DSM (DSM-V; (American Psychiatric Association, 2013)). 
Repetitive rituals in ASD are sometimes conflated with compulsive behaviours in OCD, 
and compulsive behaviour is a core symptom domain of autism (Fineberg et al., 2009, 
Hollander et al., 2016). One study (Hollander et al., 2003) investigated rate of RRBIs in 
children with ASD (as indexed by the ADI-R) and the relationship of these rates with 
obsessive-compulsive traits (as indexed by the Y-BOCS) in parents of children with 
ASD and found that children with higher rates of RRBIs were more likely to have at 
least one parent with obsessive-compulsive traits or OCD, demonstrating that the 
aetiological overlap of repetitive behaviours may at least partially be familial/genetic 
(although larger twin studies are needed to further confirm this theory).  
However, theories conceptualizing repetitive behaviours in each disorder 
associate repetitive rituals in ASD with reward-seeking and self-pacifying behaviour, 
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whereas compulsions in OCD are more commonly associated with harm avoidance and 
anxiety-mediating behaviour (Menzies et al., 2007, Fineberg et al., 2009, Fineberg et 
al., 2014). Despite this dichotomy, more recent theories of a ‘compulsivity-impulsivity 
spectrum’ (Hollander et al., 2016) suggest that while aspects of these two behaviours 
are driven to some degree by distinct cortico-subcortical circuitry, there is increasing 
evidence to suggest that compulsivity and impulsivity share neuropsychological 
mechanisms of ‘dysfunctional inhibition of thoughts and behaviours’ (Hollander et al., 
2016), indicated by cognitive inflexibility related to attentional bias, motor 
disinhibition, and disadvantageous decision-making. Researchers have identified 
common symptoms of behavioural disinhibition in both ASD and OCD that may sustain 
repetitive rituals and compulsive behaviour in each disorder (Fineberg et al., 2009). 
Some studies have even identified obsessive-compulsive behaviours as a behavioural 
phenotype of ASD (Jacob et al., 2009), with studies in children reporting increased 
obsessive-compulsive symptoms in children with ASD relative to those without 
(Russell et al., 2005, Leyfer et al., 2006), as well as increased frequency of ASD 
symptoms in children with OCD (Ivarsson and Melin, 2008). Another study found that 
paediatric patients with mood and anxiety disorders reported higher scores on ASD 
symptom scales compared to typically developing children and children with non-OCD 
related anxiety disorders (Pine et al., 2008). Efforts have been made to amend current 
OCD rating scales to account for ASD symptoms (Scahill et al., 2006), but such 
attempts have provided limited utility in relation to more widely validated ASD 
measures of repetitive behaviours. Despite this evidence of behavioural overlap between 
ASD and OCD, relatively little is known about shared and disorder-specific 
neurobiological abnormalities that might mediate traits and symptoms seen in each 
disorder. An improved understanding of such shared and disorder-specific mechanisms 
19 
 
including neurofunctional activity and brain structure is key to the development of new 
diagnostic tools as well as the potential identification of treatment targets. 
However, before such biomarkers can be addressed, it is critical to focus on 
neuropsychological processes and deficits, as these mechanisms underpin the cognitive 
impairments that are often observed in both ASD and OCD and which are 
hypothetically mediated by associated abnormalities in brain-based mechanisms driving 
such impairments. A subset of neuropsychological deficits includes impairments in 
executive function (EF). EF is defined as a set of higher-level cognitive functions 
important for deliberate, motivated behaviours including the formation, planning, 
execution and modification of goal-directed actions (Zelazo et al., 2004). Cognitive 
domains of EF include planning, working memory, temporal foresight, set-shifting, 
inhibition and motivated decision-making (Zelazo et al., 2004, Stuss and Alexander, 
2007, Rubia, 2011). While attention functions are less commonly included in more 
traditional definitions of EF, higher-level and selective attention are indeed important 
for goal-directed behaviour and will be discussed in this thesis within the context of EF 
(Zelazo et al., 2004). EFs can be distinguished into two domains: “cool” EF refers to 
non-emotional abstract functions such as selective and sustained attention and 
inhibition, and is mediated by ventrolateral and dorsolateral fronto-striatal, fronto-
cerebellar and fronto-parietal brain networks (Zelazo and Müller, 2007). “Hot” EF 
refers to emotionally-valenced reward-related decision-making or motivation control 
measured in tasks of e.g. gambling, temporal discounting and reward-based learning 
and is mediated by mesolimbic ventromedial prefrontal (VMPFC) and orbitofrontal 
(OFC)-striatal and limbic circuitry (Zelazo and Müller, 2007). The terms “cool” and 
“hot” EF are used throughout this thesis to differentiate between tasks involving low vs. 
high levels of affective/motivational processing (Hybel et al., 2016), although it should 
be noted that the validity and utility of this distinction has been debated in recent years 
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in the context of child neuropsychology (Welsh and Peterson, 2014). Nonetheless, both 
domains of EF change and develop across adolescence (Kerr and Zelazo, 2004, 
Christakou et al., 2011). Neurocognitive performance deficits across a range of EF tasks 
have been observed in both ASD (Hill, 2004, Kenworthy et al., 2009, Brunsdon et al., 
2015, Lai et al., 2016) and OCD (Cavedini et al., 2010, Abramovitch et al., 2013, Brem 
et al., 2014, Abramovitch et al., 2015a), and as such, ASD and OCD have been 
suggested to be disorders of executive dysfunction (Pennington and Ozonoff, 1996, 
Ozonoff, 1997, Russell, 1997, Lai et al., 2016). Moreover, both domain-general 
accounts (Hill, 2004) and triadic models (Brunsdon et al., 2015) of ASD have linked EF 
problems specifically to RRBIs. Hill and colleagues have suggested that while two 
prominent theories of ASD, the social motivation hypothesis and the weak central 
coherence theory, may explain many of the symptoms related to the overall ASD 
phenotype, RRBIs may be best explained by executive dysfunction. This association has 
been made in cool EF domains such as cognitive flexibility, particularly in contexts 
where explicit rules are not present, as well as planning (Hill, 2004), and such deficits 
have been distinguished from other disorders such as ADHD, which show more 
consistent deficits in inhibitory control functions but less so in planning, suggesting a 
possible and specific link to RRBIs commonly observed in ASD (Pennington and 
Ozonoff, 1996). Similar links between repetitive compulsive behaviours and EF deficits 
have been made in OCD. For example, some have hypothesised that checking 
compulsions may result from working memory deficits (Woods et al., 2002). Other 
studies have suggested that impaired response inhibition in OCD may be an 
endophenotypic marker of clinically observed compulsive behaviours (Chamberlain et 
al., 2005). Thus, identifying EF profiles of ASD and OCD could establish which 
cognitive functions would be beneficial to investigate at a neurofunctional level and 
elucidate symptom overlap and specificity between these disorders. Based on the scope 
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of this PhD thesis, investigations of EF domains including 1) cognitive control, 2) 
sustained attention, 3) temporal foresight and related functions, and 4) gambling and 
reward learning will be discussed in detail. Other EF deficits that are relevant to each 
disorder and implicated in the four domains mentioned above but do not specifically 
pertain to this thesis will be reviewed briefly. 
1.2 Cognitive control and inhibition 
1.2.1 Cognitive control in ASD  
Cognitive control is typically measured with tasks of motor and interference 
inhibition but can also include the domains of task-switching and cognitive flexibility 
(Miyake et al., 2000, Miller and Cohen, 2001, Aron, 2011). Motor response inhibition 
refers to selective inhibition or the withdrawal of a built up pre-potent response to 
frequent stimuli after the presentation of an infrequent ‘no-go’ or ‘stop’ signal, thus 
giving rise to Go/No-Go and Stop Signal paradigms (Rubia et al., 2007). Interference 
inhibition is typically measured with Stroop, Simon or Erikson Flanker tasks and 
requires the ability to inhibit a pre-potent response tendency that conflicts with the 
primary intended action. Switching requires an ability to inhibit previously valid 
stimulus-response associations and engage in new associations when task rules or 
conditions change (Rubia et al., 2007). Although there are slight differences among 
these tasks of cognitive control, recent evidence points towards shared inhibitory 
processes across these domains that are mediated by overlapping brain networks 
(Hugdahl et al., 2015).  
Work investigating motor response and interference inhibition deficits in ASD 
has suggested that inhibitory control is interdependent with other EFs impaired in 
children with ASD such as working memory (WM) (Solomon et al., 2008). Moreover, 
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evidence suggests a link between RRBIs and cognitive control abnormalities in ASD 
(Lopez et al., 2005, Langen et al., 2011), as well as the implication of cognitive control 
in attention functions also impaired in ASD (Rubia et al., 2010a). Evidence consistently 
points to poor performance among children and adolescents with ASD on motor 
response inhibition paradigms including Stop Signal (Verte et al., 2005, Lemon et al., 
2011, de Vries and Geurts, 2014) and Go/No-Go tasks (Bishop and Norbury, 2005, 
Christ et al., 2007), and this evidence is further supported by reviews of deficits in pre-
potent response inhibition in ASD (Hill, 2004, O'Hearn et al., 2008, Sanders et al., 
2008). On the other hand, evidence supports relatively intact interference inhibition on 
Stroop tasks (Ozonoff and Jensen, 1999, Russell et al., 1999, Christ et al., 2007, Adams 
and Jarrold, 2009, Christ et al., 2011) although there have also been findings of 
impaired performance in paediatric ASD populations on Stroop (Verte et al., 2005, 
Robinson et al., 2009, Vaidya et al., 2011) and related interference inhibition tasks 
(Solomon et al., 2014). Such discrepancies are possibly due to the heterogeneous nature 
of ASD as well as different paradigms and small sample sizes.  
In line with the prominence of restricted and repetitive behaviours and resistance 
to change in ASD, cognitive inflexibility has been examined as a possible underlying 
mechanism of this phenotype. Studies employing the Wisconsin Card Sorting Test 
(Ozonoff et al., 1991, Ozonoff and McEvoy, 1994, Ozonoff, 1995, Bennetto et al., 
1996, Verte et al., 2005, Van Eylen et al., 2011, Landry and Al-Taie, 2016, Westwood 
et al., 2016, Yeung et al., 2016), set-shifting (Hughes et al., 1994, Ozonoff et al., 2000, 
Yerys et al., 2009), switching (Yerys et al., 2011) and reversal learning (McEvoy et al., 
1993, Coldren and Halloran, 2003, Yerys et al., 2007, Loveland et al., 2008, Zalla et al., 
2009) have shown impairments in cognitive flexibility in ASD children relative to 
controls, and this impairment correlates with severity of repetitive behaviours (Yerys et 
al., 2009). However, some studies, especially those investigating very young patients 
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(Dawson et al., 2002, Lionello-DeNolf et al., 2008), have shown no behavioural 
impairments in this domain (Geurts et al., 2009, Chantiluke et al., 2015a).  
1.2.2 Cognitive control in OCD 
OCD has traditionally been conceptualised as a disorder of compulsivity (Voon 
et al., 2015), but evidence suggests that impulsivity is an important intermediate 
phenotype implicated in the disorder, associated with poor top-down inhibitory control 
resulting in a failure to inhibit certain behaviours (Fineberg et al., 2009, van Velzen et 
al., 2014). Moreover, cognitive flexibility requires flexible attention and executive 
control of attention in addition to cognitive control (Yeung et al., 2006). Thus, this 
domain may be especially important in OCD, as an inability to shift attention may 
contribute to the persistence of internal thought patterns (Graybiel, 2000).  Therefore, 
one would expect that individuals with OCD might exhibit neurocognitive deficits in 
cognitive and inhibitory control. Cognitive control impairments have been found in 
adolescents with OCD during task-switching (Britton et al., 2010), but another study in 
adolescents with OCD found no inhibition impairments in patients relative to controls 
during motor response inhibition (Hybel et al., 2016). A number of studies in adults 
have found impairments in motor response inhibition (Chamberlain et al., 2006, 
Penadés et al., 2007, Boisseau et al., 2012, Kang et al., 2013, Morein-Zamir et al., 2014, 
Sohn et al., 2014) and interference inhibition (Bannon et al., 2002, Nabeyama et al., 
2008, Nakao et al., 2009b, Schlösser et al., 2010), although a more recent study of 
multiple tasks investigating inhibitory control in adults with OCD found no 
performance deficits on any of the tasks (Morein-Zamir et al., 2015). It should be noted, 
however, that many of these tasks were completed as part of functional magnetic 
resonance imaging (fMRI) studies, and fMRI task versions often lose behavioural 
sensitivity in favour of more sensitive measures of brain activation. Overall, results 
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support deficits in varied domains of inhibitory control, albeit primarily in studies of 
adults with OCD, but conflicting findings and unimpaired performance may be due to 
sample heterogeneity, age, and medication/treatment status often seen in studies of 
OCD.  
1.2.3 Summary of cognitive control in ASD and OCD  
Collectively, this evidence suggests cognitive control deficits across motor and 
interference inhibition as well as switching in both ASD and OCD.  Both disorders have 
shown behavioural impairments across motor response inhibition tasks (Hill, 2004, 
Bishop and Norbury, 2005, Verte et al., 2005, Chamberlain et al., 2006, Christ et al., 
2007, Penadés et al., 2007, O'Hearn et al., 2008, Sanders et al., 2008, Lemon et al., 
2011, Boisseau et al., 2012, Kang et al., 2013, de Vries and Geurts, 2014, Morein-Zamir 
et al., 2014, Sohn et al., 2014), while interference inhibition seems to be relatively less 
affected in individuals with ASD (Ozonoff and Jensen, 1999, Russell et al., 1999, Christ 
et al., 2007, Adams and Jarrold, 2009, Christ et al., 2011) (although some studies have 
found interference inhibition deficits in ASD, especially on the Stroop task (Verte et al., 
2005, Robinson et al., 2009, Vaidya et al., 2011). Moreover, the majority of studies in 
OCD have been conducted in adult samples, so the developmental or age-related effects 
of observed deficits remain relatively unexplored. Nonetheless, cognitive control is an 
important construct to investigate in both ASD and OCD; cognitive impairments on 
these tasks have been linked to clinical symptoms of repetitive behaviours in ASD 
(Lopez et al., 2005, Yerys et al., 2009, Langen et al., 2011), and although similar 
hypotheses of associations between task performance and OCD-related symptoms have 
not been proposed or tested, evidence suggests that OCD symptoms may result from 
impaired top-down inhibitory control, presumably resulting in a failure to inhibit certain 
compulsive behaviours (Fineberg et al., 2009, van Velzen et al., 2014). Thus, additional 
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investigation of cognitive control abnormalities in these disorders is warranted. 
Furthermore, understanding the neural underpinnings of these abnormalities may 
elucidate the degree to which these deficits are shared or disorder-specific and how they 
may possibly relate to clinical symptoms. A comparative review and meta-analysis of 
fMRI studies investigating brain function in ASD and OCD during cognitive control is 
presented in Chapter 4.  
1.3 Attention functions 
1.3.1 Attention in ASD 
Sustained attention, or vigilance, is the ability to voluntarily maintain the focus 
of attention towards infrequently occurring critical events (Parasuraman and Yantis, 
1998). It is not only a measure of attentional processes but also of impulsivity and is 
involved in other executive processes such as inhibitory control (Bari and Robbins, 
2013). Sustained attention has also been described as a decrement of vigilance over 
time, a concept that has been influential in the literature of other neurodevelopmental 
disorders, namely ADHD (Oosterlaan et al., 1998).  
A typical paradigm for indexing sustained attention is the Continuous 
Performance Test (CPT) (Rosvold et al., 1956). This task requires maintaining attention 
to a series of rapidly occurring stimuli in order to respond to an infrequently occurring 
stimulus (Eliason and Richman, 1987) and is commonly characterised by the rapid 
presentation of continuously changing stimuli with an instructed target stimulus or 
pattern (Riccio et al., 2002). Another variant of sustained attention tasks are 
psychomotor vigilance tasks requiring a motor response to a stimulus after 
unpredictable or predictable delays (Drummond et al., 2005). A version of this task is 
described at length in Chapter 5.  
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Inattention is a behavioural/cognitive phenotype which has been consistently 
associated with ASD (Allen and Courchesne, 2001, Sturm et al., 2004). It has been 
suggested that attention impairments may underlie some of the primary symptoms in 
ASD (Courchesne et al., 1989, Wainwright-Sharp and Bryson, 1993), although such 
early theories of attention impairment have been disputed (Garretson et al., 1990, 
Minshew et al., 1992). There is relatively consistent neuropsychological evidence for 
sustained attention impairments in autism (Garretson et al., 1990, Allen and 
Courchesne, 2001, Schatz et al., 2002, Corbett and Constantine, 2006, Corbett et al., 
2009, Murphy et al., 2014, Chien et al., 2015), albeit with some studies finding no 
differences between participants with ASD and typically-developing individuals 
(Pascualvaca et al., 1998, Johnson et al., 2007). Many studies have linked attention-
related neurocognitive difficulties in individuals with ASD to the specificity, 
complexity or motivational salience of task stimuli (Garretson et al., 1990, Courchesne 
et al., 1994, Pierce et al., 1997, Pascualvaca et al., 1998, Mann and Walker, 2003, 
Corbett and Constantine, 2006). Moreover, attempts have been made to classify clinical 
subtypes of ASD based on the presence/absence of attention-related symptomatology 
(Bonde, 2000), and one study identified that 95% of a sample of children with ASD 
exhibited attention problems, and 50% had problems with impulsivity (Sturm et al., 
2004).  
Two studies have also found that sustained attention functions in ASD improve 
with age (Murphy et al., 2014, Chien et al., 2015). Moreover, Geurts and colleagues 
suggested that poor performance of individuals with ASD on tasks designed to measure 
cognitive flexibility in the context of cognitive control, such as the intradimensional-
extradimensional shift task, may be more closely related to neurocognitive deficits in 
sustained attention, as subjects must maintain attention across the task to identify 
‘switch’ trials (Geurts et al., 2009). As with much of the neurocognitive literature 
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investigating individuals with ASD, it should be noted that groups of ASD individuals 
investigated in these studies are widely heterogeneous, indicating that performance 
differences (or lack thereof) could be due to comorbid symptoms related to inattention, 
ADHD (Tye et al., 2014) or ASD symptom severity.  
1.3.2 Attention in OCD 
Attentional priority to obsessions and anxieties has been suggested as a key 
maintaining factor of OCD (Salkovskis, 1985). Thus, it would make sense that 
individuals with OCD show impairments on neurocognitive assessments of attention to 
external stimuli. However, collective research has produced somewhat mixed findings. 
Studies have most commonly used the CPT to investigate sustained attention in OCD, 
but most work has been in adult populations. Both paediatric and adult studies have 
reported no behavioural differences between patients and controls (Rosvold et al., 1956, 
Nordahl et al., 1989, Zielinski et al., 1991, Rapoport et al., 1992, Martin et al., 1993, 
Aronowitz et al., 1994, Milliery et al., 2000), while other studies provide evidence for 
attentional disturbances in adults with OCD (Gordon, 1985, Mataix-Cols et al., 1997, 
Schmidtke et al., 1998, Penadés et al., 2005) during controlled (Schmidtke et al., 1998), 
selective (Penadés et al., 2005) and sustained attention (Mataix-Cols et al., 1997).  
Early evidence did not provide convincing support for attentional disturbances in 
OCD, showing mixed results on tasks of information processing speed and selective 
attention, and no differences between patients and controls on visual attention, attention 
span and sustained attention tasks (Zielinski et al., 1991, Mataix-Cols et al., 1997, 
Milliery et al., 2000). An initial review suggested that there is little evidence for 
sustained attention impairments in OCD across the lifespan (Kuelz et al., 2004). 
However, a more recent meta-analysis of 115 adult studies reported a medium effect 
size for sustained attention deficits in OCD (Abramovitch et al., 2013). Moreover, a 
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recent review (Benzina et al., 2016) suggested that sustained attention is the second-
most studied domain of attention in OCD after focused attention and found that 
although one included study (Rao et al., 2008) showed no evidence for sustained 
attention deficits in OCD, the majority of studies (including a meta-analysis of 17 
studies) using the CPT (Aigner et al., 2007, Trivedi et al., 2008, Shin et al., 2014), and 
related tasks (Morein-Zamir et al., 2010, Rajender et al., 2011, Bersani et al., 2013) 
found a sustained attention deficit in OCD individuals. Moreover, this review (Benzina 
et al., 2016) also supports a trend in the OCD literature toward a deficit in focused 
attention, supported by previous meta-analyses (Shin et al., 2014, Snyder et al., 2014).  
1.3.3 Summary of attention functions in ASD and OCD 
Sustained attention has been investigated in the neurocognitive literature of both 
ASD and OCD, resulting in somewhat mixed findings, particularly in OCD. Despite the 
fact that clinically, ASD is commonly associated with symptoms of inattention (Sturm 
et al., 2004), some neurocognitive studies of sustained attention in ASD have shown no 
behavioural differences between ASD individuals and typically-developing controls 
(Pascualvaca et al., 1998, Johnson et al., 2007). However, the majority of studies do 
support sustained attention impairments in both adults and adolescents with ASD 
(Garretson et al., 1990, Allen and Courchesne, 2001, Schatz et al., 2002, Corbett and 
Constantine, 2006, Corbett et al., 2009, Murphy et al., 2014, Chien et al., 2015), 
providing relatively consistent evidence that at the neurocognitive level, there is an 
underlying impairment in ASD individuals’ ability to maintain attention toward 
infrequently occurring stimuli, possibly linked to the specificity or motivational salience 
of the task (Courchesne et al., 1994, Corbett and Constantine, 2006).  
In OCD, neurocognitive results are less consistent, with the disorder not 
typically associated with clinical symptoms of inattention, and many studies reporting 
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no neurocognitive performance impairments in individuals with OCD (Rosvold et al., 
1956, Nordahl et al., 1989, Zielinski et al., 1991, Rapoport et al., 1992, Martin et al., 
1993, Aronowitz et al., 1994, Milliery et al., 2000), while many other studies report 
impaired attention across various domains in patients relative to controls (Gordon, 1985, 
Mataix-Cols et al., 1997, Schmidtke et al., 1998, Penadés et al., 2005). However, many 
of these studies have been in adults with OCD, so less is known about findings in 
paediatric populations. While early neurocognitive theories did not support deficits in 
sustained attention in OCD, more recent reviews (Benzina et al., 2016) support impaired 
attention functions, and abnormal attention to external information seems to 
conceptually fit with clinical characteristics in ASD and OCD. I.e., ASD individuals 
have heightened attention toward specific interests and rituals, and OCD individuals 
have heightened attention towards internally generated obsessions, in both instances 
focusing less on seemingly ‘unimportant’ external information. Thus, further 
investigation of sustained attention abnormalities in both disorders is warranted. 
Moreover, given the fact that both disorders have shown neurocognitive deficits in 
sustained attention, understanding the neural underpinnings of these deficits and the 
degree to which they are shared or disorder-specific may help elucidate similarities and 
differences in the biological basis of trans-diagnostic neurocognitive impairments in 
each disorder. Sustained attention in ASD and OCD is discussed further in Chapter 5.  
1.4 Reward-related decision-making 
1.4.1 Temporal discounting and related functions in ASD 
Temporal discounting (TD) is a measure of impulsive reward-based decision-
making, defined as the rate at which a reward is subjectively discounted when its 
attainment is delayed in time. Thus, temporal foresight is one’s ability to forego an 
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immediately available reward in favour of a larger but delayed reward (Rubia et al., 
2009a). TD is a stable, trait-like measure of choice impulsivity (Kirby, 2009), matures 
with age (Christakou et al., 2011), and is more impaired in impulsive individuals (Rubia 
et al., 2009a, Noreika et al., 2013). As such, impulsivity has been conceptualised as a 
behavioural style involving premature and inadequate decisions where responses are 
made early and without full consideration of any consequences (Rubia et al., 2000, 
Smith et al., 2002) and is critically linked to impairments in temporal foresight.   
Tasks assessing TD require choices between small, immediate rewards and 
larger, delayed rewards (Richards et al., 1997, Christakou et al., 2011). In individually-
adjusted TD paradigms (Richards et al., 1997, Christakou et al., 2011), the immediate 
reward is adjusted using an algorithm based on previous choices of the participant for 
different delays to narrow the range of immediate values offered for each delay type, 
converging towards the value of the participant’s subjective equivalent of the fixed 
delayed reward (Richards et al., 1999). From this, a delay discounting function can be 
calculated which is typically hyperbolic and the steepness of which indicates the 
individual TD rate, which is associated with impulsivity (Richards et al., 1999, 
Critchfield and Kollins, 2001). Further explanation of TD tasks and characterisation of 
task performance is described in Chapter 6.  
Despite the implication of impulsivity in the associated symptom domains of 
ASD (Fineberg et al., 2009), there have been relatively few studies investigating TD in 
ASD (Antrop et al., 2006, Demurie et al., 2012, 2013, Chantiluke et al., 2014b, Faja and 
Dawson, 2015). One study in young children (6-7 years old) (Faja and Dawson, 2015) 
found that ASD individuals behaved more impulsively on a version of the TD task 
adapted for children. 40% of the children with ASD did not wait the full 15-minute 
delay to receive a larger, later reward and instead opted to take the smaller, sooner 
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reward. Moreover, of the participants that chose the smaller, sooner reward, ASD 
children waited significantly less time compared to typically-developing children before 
choosing to take the reward, in line with findings from the same study that parents of 
ASD individuals reported lower levels of effortful control in their children compared to 
parents of typically-developing children. This is in line with a recent study in 
adolescents with ASD and with comorbid ASD and ADHD which found that these two 
groups discounted rewards more steeply compared to control participants on a 
computerised TD task (Chantiluke et al., 2014b). Conversely, another study in children 
and adolescents with ASD (Demurie et al., 2012) found that on a TD task with 
monetary rewards, ASD individuals showed the same rate of discounting compared to 
their typically-developing peers and adolescents with ADHD. This finding is in line 
with an earlier study showing similar comparable TD performance between children 
with high-functioning autism and typically-developing controls (Antrop et al., 2006).  
Successful TD also depends on intact reward-motivated planning and action 
selection behaviour. ASD adults and children have been shown to have neurocognitive 
impairments during planning tasks (Ozonoff et al., 1991, Ozonoff and McEvoy, 1994, 
Ozonoff and Jensen, 1999, Geurts et al., 2004, Hill, 2004), implying difficulties with 
forward-thinking behaviour necessary for TD. Moreover, it has been suggested that 
individuals with ASD exhibit deficits in top-down cognitive control that is key in the 
ability to delay impulsive decisions in the immediate future in favour of a more 
beneficial outcome later in time (Dalley et al., 2011). During decision-making, it has 
been shown that children with ASD have deficits with response selection and 
monitoring compared to typically-developing children and children with ADHD, but 
that this ability improves with age (Happé et al., 2006). Reduced salience of social 
stimuli has also been implicated in reward-based decision-making in ASD (Dawson et 
al., 2012), in line with the social motivation theory (Chevallier et al., 2012), suggesting 
32 
 
that ASD individuals are less able to assign reward values to social stimuli. This idea is 
supported by the findings of Demurie and colleagues (Demurie et al., 2013), who 
investigated whether ASD individuals discounted monetary vs. material rewards at 
different rates. They found that while there was no overall difference between ASD 
children and typically-developing children, ASD individuals, but not typically-
developing individuals, discounted material rewards more steeply than monetary 
rewards, suggesting a domain-specific effect of TD in children with ASD linked to 
differences in reward valuation of affectively-salient stimuli.  
1.4.2 Gambling and reward learning in ASD 
Reward-related decision-making has been widely studied within the context of 
gambling, and more specifically, the Iowa Gambling Task (IGT) (Bechara et al., 1994, 
Bechara et al., 1997). The IGT involves reward-based decision-making and 
reinforcement learning to obtain reward in the face of positive and negative feedback. 
Participants must learn to forego immediately high-reward options that ultimately lead 
to long-term losses (risky/disadvantageous choices) in order to choose options with 
more modest immediate rewards that ultimately lead to a long term gain 
(safe/advantageous choices). Apart from reinforcement learning and reward-based 
decision-making, the task also measures temporal foresight, requiring an understanding 
of future long-term consequences of current choices and the ability to inhibit the “thrill” 
of an immediate reward, i.e. motivation control. A more complete description of the 
IGT is provided in Chapter 7. Performance on the IGT improves with age (Blair et al., 
2001, Huizenga et al., 2007, van Duijvenvoorde et al., 2010, Christakou et al., 2013a), 
and among adolescent populations, is independent of the development of working 
memory or motor inhibition (Hooper et al., 2004).  
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Five studies have used traditional versions of the IGT in ASD (Johnson et al., 
2006, Yechiam et al., 2010, South et al., 2014, Mussey et al., 2015, Zhang et al., 
2015b). The majority of these studies found that adults (Mussey et al., 2015) and 
children/adolescents (Johnson et al., 2006, Yechiam et al., 2010) with ASD are less 
consistent in their choices, switching more frequently between decks, possibly due to 
difficulties with implicit learning where subjects are required to learn through repeated 
choices without explicit reference to the learning rule (Johnson et al., 2006). This theory 
is further supported in Scott-Van Zeeland et al.’s study showing impaired implicit 
learning during a reward learning task (Scott-Van Zeeland et al., 2010a) and another 
study showing that adults with ASD exhibit learning deficits which impair their ability 
to establish an effective reward-based working memory to drive decisions (Solomon et 
al., 2015).  
Another study using the IGT in adults found that ASD individuals relative to 
control participants preferred risky decks, providing further evidence for reward-based 
learning deficits in ASD (Zhang et al., 2015b). However, impaired performance and 
learning on the IGT is not consistent, as one study found slower learning rates but 
equivalent overall performance in adolescents with ASD relative to typically-
developing controls (Yechiam et al., 2010), while another paediatric study found similar 
overall performance but improved learning in the ASD group relative to controls 
(Johnson et al., 2006). Moreover, three paediatric studies in ASD children using adapted 
versions of the IGT (e.g. as outlined in (Kerr and Zelazo, 2004)) showed no difference 
in the number of risky choices between ASD children and typically-developing children 
(South et al., 2008, Faja et al., 2013, Gonzalez-Gadea et al., 2016), and a later study 
from South and colleagues (South et al., 2014) found superior overall performance 
across the task in adolescents with ASD relative to control participants. One hypothesis 
for this superior performance is that ASD adolescents have elevated loss avoidance 
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(South et al., 2014), as opposed to risky reward seeking behaviour that is usually 
observed in typically-developing adolescent populations (Smith et al., 2012).  
Reversal learning tasks also involve reinforcement-based implicit learning and 
cognitive flexibility required in the IGT (Chantiluke et al., 2015a). Children with ASD 
have been shown to have poor performance on reversal learning tasks (McEvoy et al., 
1993, Coldren and Halloran, 2003, Yerys et al., 2007, Loveland et al., 2008, Zalla et al., 
2009), but a more recent study showed that adolescents with ASD had performance 
statistically similar to that of typically-developing controls (Chantiluke et al., 2015a), 
although ASD boys did make numerically more errors. Comparable reward learning 
between ASD individuals and controls has also been found in adults with ASD (Johnson 
et al., 2006, Panasiti et al., 2016), and a study investigating reward-motivated attention 
(Schmitz et al., 2008) similarly found comparable performance between ASD adults and 
control participants when presented with monetary incentives.  
1.4.3 Temporal discounting and related functions in OCD 
There are multiple hypotheses supporting impaired decision-making in OCD. 
Graybiel and Rauch initially proposed that OCD results from maladaptive habit learning 
involving impaired stimulus-response associations, underpinned by deficits in 
orbitofrontal-basal ganglia circuitry (Graybiel, 2000). Cognitive theories suggest that 
symptoms arise as a result of disordered action valuation during decision-making; 
compulsions are purposeful, goal-driven acts to generate temporary and rewarding relief 
from anxiety caused by obsessions (Salkovskis, 1985, Rachman, 1997, Cavedini et al., 
2006). More recent work has suggested that compulsions persist because of a lack of 
control over goal-directed decisions, which results from an imbalance between goal-
directed and habit-based learning systems in OCD (Gillan and Robbins, 2014).  
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Despite the fact that OCD has been characterized as a disorder of impaired 
decision-making underpinned by orbitofronto-striatal dysfunction (Sachdev and Malhi, 
2005), only two previous studies (Vloet et al., 2010, Pinto et al., 2014) have specifically 
investigated TD in OCD and did not find behavioural differences between adults (Pinto 
et al., 2014) or adolescents (Vloet et al., 2010) with OCD and control participants. 
However, studies using tasks tapping other temporal-foresight related functions have 
provided some evidence of abnormalities in OCD. For example, Cavedini and 
colleagues proposed that poor performance during reward-based decision-making tasks 
is driven by adult patients’ motivation for immediate reward, suggesting that OCD 
patients are less sensitive to long-term consequences (Cavedini et al., 2002), a 
characteristic that may translate to temporal foresight abilities. This impaired decision-
making and response inhibition in adult OCD may be related to a poor ability to control 
and inhibit repetitive, compulsive behaviours and intrusive obsessions (Olley et al., 
2007). Lastly, individuals with OCD also show poor performance on planning tasks 
(van den Heuvel et al., 2011, Shin et al., 2014), related to forward-thinking behaviour 
important for successful TD.  
1.4.4 Gambling and reward learning in OCD 
Individuals with OCD have neurocognitive deficits in goal-directed adaptive 
behaviours including behavioural flexibility, particularly in the context of altered or 
uncertain environments or outcomes (Chamberlain et al., 2007b, Gu et al., 2008, Page et 
al., 2009, Zhang et al., 2015a). Moreover, comorbidity rates of so-called ‘behavioural 
addictions’ (Holden, 2001) such as pathological gambling with OCD have been 
estimated to be as high as 20% (Dell’Osso et al., 2006). These abnormalities and 
maladaptive compulsive behaviours are though to stem, at least in part, from impaired 
reward-processing underpinned by orbitofronto-striatal dysfunction (Sachdev and 
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Malhi, 2005, Cavedini et al., 2006, Figee et al., 2011) and a disrupted balance between 
goal-directed versus habit systems (Gillan et al., 2011). 
The majority of behavioural studies using gambling tasks thought to tap frontal 
lobe, and more specifically orbitofrontal, dysfunction in OCD show impaired 
performance in patients relative to controls (Purcell et al., 1998, Cavedini et al., 2002, 
Cavallaro et al., 2003, Fullana et al., 2004, Olley et al., 2007, Starcke et al., 2010, 
Rocha et al., 2011, Kodaira et al., 2012, Grassi et al., 2015), although only one of these 
studies has been in children (Kodaira et al., 2012). However, Nielen and colleagues 
found comparable decision-making behaviour in adult patients vs. controls (Nielen et 
al., 2002), in line with similar negative findings during gambling under risk 
(Chamberlain et al., 2007a, Hybel et al., 2016). A large study in unmedicated 
adolescents with OCD found comparable performance on “hot” EF tasks of motivated 
decision-making in patients compared to controls (Hybel et al., 2016). However, this 
study investigated decision-making under risk and suggested that, in line with the 
findings of (Kim et al., 2015a) and (Zhang et al., 2015a), decision-making under 
ambiguity, as in the IGT, may be a better construct within which to investigate reward-
based decision-making impairments in OCD. Intact reward processing is also 
responsible for appropriate responses during reward (or punishment) outcomes during 
incentive-based learning. In OCD, impaired reward processing and maladaptive 
behaviours are thought to be an effect of abnormal development of goal-directed 
learning (Cavedini et al., 2006, Gillan and Robbins, 2014). However, two early studies 
in adults with OCD found no behavioural impairments during implicit learning relative 
to controls, as evidenced by intact performance on the serial reaction time implicit 
sequence learning task (Rauch et al., 1997a, Deckersbach et al., 2002).  
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This evidence collectively suggests heightened impulsivity, risky decision-
making and reward system dysfunction in OCD. This is seemingly contrary to clinical 
representations of risk-aversion and doubtfulness that are commonly associated with 
OCD and indeed seems to fit more with the clinical phenotype of addiction (Grassi et 
al., 2015), leading some to suggest whether OCD may be considered a type of 
“behavioural addiction” (Denys et al., 2004, Figee et al., 2011). 
1.4.5 Summary of reward-related decision-making in ASD and OCD 
Although results in the neurocognitive literature are somewhat mixed, abnormal 
goal-driven learning seems to be associated with ASD (Johnson et al., 2006) and OCD 
(Gillan and Robbins, 2014). Both disorders also seem to be impaired during tasks of 
planning (Hill, 2004, Shin et al., 2014), a function especially important for forward-
thinking behaviour during reward-based decision-making and TD. Discrepancies in 
findings could be due to different deficits among different age groups, as few studies 
have looked across the lifespan from adolescence into adulthood and tend to focus 
instead on either adolescents or adults, with the majority of studies in adults. 
Nonetheless, impaired reward-based decision-making seemingly fits with the clinical 
pictures of both ASD and OCD, as it has been suggested that in ASD, motivational 
salience of rewards, particularly social rewards (Dawson et al., 2012), is abnormal, 
while compulsions in OCD have been associated with insufficient feelings of reward, 
leading to “not just right” feelings (Fineberg et al., 2009). Moreover, the question in the 
OCD literature of whether symptoms arise from abnormal outcome valuation or 
whether they result from dysfunctional goal-directed learning and decision control 
(Gillan and Robbins, 2014) could be extended to ASD in the investigation of 
neuropsychological profiles driving decision-making that may maintain repetitive 
behaviours in these disorders. However, no studies have compared reward-based 
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decision-making between these disorders. A better understanding of performance 
differences or similarities between disorders would elucidate the degree to which 
similarities in cognitive impairments are shared and/or disorder-specific behavioural 
phenotypes.   
1.5 Other cognitive domains 
1.5.1 ASD 
In order to gain a complete and comprehensive view of the neuropsychological 
profiles of both ASD and OCD, two complex and heterogeneous disorders, it is 
important to consider additional aspects of cognitive domains within each disorder. 
Here, working memory will be reviewed briefly, as studies have implicated WM 
functions in attention and reward-based decision-making, specifically TD (Shamosh et 
al., 2008, Wesley and Bickel, 2014). Additional domains of cognitive impairment 
particularly relevant to ASD will also be briefly discussed.  
Working memory impairments, specifically in the domain of visuo-spatial WM, 
have been consistently shown in children and adolescents with ASD (Bennetto et al., 
1996, Russell et al., 1996, Minshew et al., 1999, Minshew and Goldstein, 2001, Joseph 
et al., 2005a, Joseph et al., 2005b, Landa and Goldberg, 2005, Williams et al., 2005, 
Nakahachi et al., 2006, Verte et al., 2006, Williams et al., 2006, Luna et al., 2007, 
Steele et al., 2007, Loveland et al., 2008, Cui et al., 2010, Zinke et al., 2010, Fried et al., 
2016), although there have been some studies showing no impairments (e.g. (Griffith et 
al., 1999, Ozonoff and Strayer, 2001, Chantiluke et al., 2014a)). Such discrepancies are 
perhaps due to the wide heterogeneity across ASD as well as variations in task difficulty 
that is common among different WM tasks, and it has been suggested that individuals 
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with ASD are impaired specifically on more complex (versus simpler) tasks of WM 
(Vogan et al., 2014).  
While it is clear that children and adolescents with ASD exhibit executive 
dysfunction and that such impairments play a vital part in the overall aetiology of the 
disorder (Hughes et al., 1994, Geurts et al., 2004, Hill, 2004, Ozonoff et al., 2004, 
Corbett et al., 2009), the autism spectrum has been perhaps most consistently associated 
with deficits in social and communication difficulties. ASD individuals are impaired in 
Theory of Mind (ToM), or mentalising, defined as the ability to comprehend and 
empathize with the mental state of others (Baron-Cohen et al., 1985, Frith, 1994, Baron-
Cohen, 2001, Joseph and Tager–Flusberg, 2004, Tager-Flusberg, 2007). ASD has also 
been associated with deficits in central coherence, that is, the ability to assess 
information as a whole on a global scale and focus less on finer minute details in order 
to understand the more general meaning or context of a situation. ASD children have 
been shown to have superior perception of local features relative to typically-developing 
children (Shah and Frith, 1983). Such “weak” central coherence has been suggested to 
play a key role in the clinically-observed symptoms of ASD (Happé, 1997, Happé and 
Frith, 2006, Pellicano et al., 2006, Booth and Happé, 2010).  
1.5.2 OCD 
Although EF abnormalities are consistently implicated in the pathophysiology of 
OCD (Menzies et al., 2007), findings of WM impairments are mixed at best, and indeed 
are less consistent than in the ASD literature. WM has been widely studied in adults 
with OCD (e.g. (Purcell et al., 1998, van der Wee et al., 2003, van der Wee et al., 2007, 
Nakao et al., 2009a), reviews: (Chamberlain et al., 2005, Melloni et al., 2012)), but 
there are far fewer studies of this cognitive domain in adolescents with OCD (Diwadkar 
et al., 2015), with a small preliminary study showing no behavioural impairments in 
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WM (Ornstein et al., 2010), supported by a larger study in adults (Nakao et al., 2009a). 
One study in adults showed that visuo-spatial WM deficits were more pronounced in 
OCD patients under conditions of uncertainty (Lambrecq et al., 2014), and WM 
performance has been associated with specific subtypes of OCD, namely checking 
behaviour (Jaafari et al., 2013). However, a comprehensive review concluded that WM 
impairments may be secondary to broader EF dysfunction in OCD (Harkin and Kessler, 
2011).   
1.6 Overall summary and conclusions 
This chapter has reviewed the neurocognitive literature in ASD and OCD 
concerning cognitive control, attention and reward-based decision-making, as well as 
briefly reviewing other cognitive domains that are relevant to these constructs or 
disorders. It is somewhat difficult to compare across studies, as there is vast 
heterogeneity within samples and between studies in terms of symptom domains and 
severity, medication and treatment, illness duration, and age, possibly explaining at least 
some of the inconsistency in findings. However, keeping these caveats in mind, it seems 
that further investigation of neuropsychological behaviour during cognitive control, 
sustained attention and reward-based decision-making is warranted. Many studies have 
shown deficits in these functions in ASD and OCD (Hughes et al., 1994, Hill, 2004, 
Menzies et al., 2008, Fineberg et al., 2009, Ornstein et al., 2010, Nakao et al., 2014), but 
no studies have compared EF between these disorders. Moreover, hot EF and decision-
making deficits have been shown more consistently to be impaired in OCD than cool 
EF deficits (Abramovitch et al., 2015a), so it is important to better understand the neural 
underpinning of these abnormalities in OCD and how they relate to ASD to determine 
the extent to which deficits are shared or disorder-specific. Examining the underlying 
neurofunctional mechanisms of EF in ASD and OCD and whether they are shared or 
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disorder-specific is a critical aspect of studying biologically-based markers that may be 
shared between or distinct to these disorders. Moreover, the investigation of these 
functions in adolescent samples is especially important. Despite the fact that both ASD 
and OCD most commonly develop in childhood or adolescence, the majority of studies, 
particularly in OCD, have been conducted in older samples. 
Widespread EF deficits have been found in children with ASD, with early 
theories suggesting that autism is a disorder of executive dysfunction (Russell, 1997, 
Hill, 2004). Children with ASD have relatively consistent deficits in impulsivity-related 
tasks of planning, cognitive control and TD (Solomon et al., 2008), while it has also 
been suggested that ASD individuals exhibit key features of compulsive behaviours 
(Fineberg et al., 2009), though no studies have compared individuals with ASD and 
with OCD to formally test this. However, in contrast to OCD, ASD is also closely 
related to deficits in social communication, implicating socio-emotional processing 
abnormalities that should be considered when thinking about abnormal emotionally 
charged ‘hot’ EF such as reward-based decision-making.  
It has been suggested that adults with OCD have neuropsychological deficits in 
a range of non-emotional ‘cool’ EF functions including working memory, attention and 
cognitive control (Abramovitch et al., 2013, Nakao et al., 2014, Shin et al., 2014, 
Snyder et al., 2014), but there have been far fewer studies in paediatric OCD, and a 
recent preliminary meta-analysis based on this limited research base of 11 studies found 
only small, non-significant effect-sizes for EF subdomains of ‘cool’ functions including 
set-shifting and planning and no differences on WM and inhibition (Abramovitch et al., 
2015a), supported by a more recent study finding no deficits in children/adolescents 
with OCD on a range of cool and hot EF tasks (Hybel et al., 2016). This suggests that 
many cool EFs such as inhibitory control may be unaffected in children with OCD 
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(Ornstein et al., 2010). Evidence from studies of hot EF in adult OCD suggests that 
impairments in decision-making may result from an imbalance between goal-directed 
and habit-based learning systems (Chamberlain et al., 2005, Olley et al., 2007, Gillan 
and Robbins, 2014, Nakao et al., 2014, Zhang et al., 2015a), although this has been 
refuted by neurocognitive work specifically investigating children with OCD (Hybel et 
al., 2016). Heterogeneity in task types and participant characteristics may be partially to 
blame for these inconsistencies, but evidence specifically in child and adolescent 
populations may also suggest developmental effects on EF deficits in OCD.  Some 
evidence suggests differences in neuropsychological functioning between 
children/adolescents with OCD and adults with OCD, possibly providing support for a 
specific neurodevelopmental subtype of OCD (Ornstein et al., 2010, Abramovitch et al., 
2015a).  
In summary, there is evidence to suggest that both hot and cool EF difficulties in 
cognitive control, attention and reward-based decision-making are present in both ASD 
and OCD. However, no studies have compared these disorders on the basis of these 
impairments. Overall, evidence points towards impairments in cognitive control in both 
ASD and OCD. ASD-related impairments may be linked to impulsive and repetitive 
behaviours (Yerys et al., 2009) and seem to be more specific to motor inhibition (Hill, 
2004, Bishop and Norbury, 2005, Verte et al., 2005, Christ et al., 2007, O'Hearn et al., 
2008, Sanders et al., 2008, Lemon et al., 2011, de Vries and Geurts, 2014) and 
switching (Ozonoff et al., 1991, Hughes et al., 1994, Ozonoff and McEvoy, 1994, 
Ozonoff, 1995, Bennetto et al., 1996, Ozonoff et al., 2000, Verte et al., 2005, Yerys et 
al., 2009, Van Eylen et al., 2011, Yerys et al., 2011, Landry and Al-Taie, 2016, 
Westwood et al., 2016, Yeung et al., 2016), as studies have shown that interference 
inhibition is relatively intact in ASD (Ozonoff and Jensen, 1999, Russell et al., 1999, 
Christ et al., 2007, Adams and Jarrold, 2009, Christ et al., 2011). OCD individuals have 
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also shown impairments in motor inhibition (Chamberlain et al., 2006, Penadés et al., 
2007, Boisseau et al., 2012, Kang et al., 2013, Morein-Zamir et al., 2014, Sohn et al., 
2014) and interference inhibition (Bannon et al., 2002, Nabeyama et al., 2008, Nakao et 
al., 2009b, Schlösser et al., 2010) and switching (Britton et al., 2010), with less known 
about abnormalities during interference inhibition. However, such cognitive control 
deficits hypothetically fit with proposed clinical models of OCD which suggest that 
symptoms results from failed top-down inhibitory control mechanisms (Fineberg et al., 
2009, van Velzen et al., 2014).  
It seems that abnormalities in attentional processes are implicated in ASD and 
OCD, but it may be that individuals with ASD are more sensitive to the social or 
emotional context of attention-capturing stimuli (Garretson et al., 1990, Courchesne et 
al., 1994, Pierce et al., 1997, Pascualvaca et al., 1998, Mann and Walker, 2003, Corbett 
and Constantine, 2006), while impairments in OCD may be related to the distraction of 
internally generated thoughts and obsessions (Salkovskis, 1985, Shin et al., 2014, 
Snyder et al., 2014) as well as older subtypes of the disorder (Ornstein et al., 2010, 
Abramovitch et al., 2015a).  
Reward-based hot EF and decision-making also seem to be impaired in both 
disorders, although theories explaining the underlying basis of these impairments are 
inconsistent. It may be that while both disorders have difficulties with forward-thinking 
behaviour and planning that drives decision-making (Geurts et al., 2004, Hill, 2004, van 
den Heuvel et al., 2011, Shin et al., 2014), this behaviour in ASD in underpinned by 
heightened impulsivity (Fineberg et al., 2009, Chantiluke et al., 2014b, Faja and 
Dawson, 2015), while in OCD it may be underpinned by abnormal reward valuation 
(Salkovskis, 1985, Rachman, 1997, Cavedini et al., 2006) or imbalance between goal-
directed and habit-based systems (Gillan and Robbins, 2014). This thesis conducts a 
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comparative meta-analysis of cognitive control studies and compares adolescents with 
ASD and with OCD to test these hypotheses and understand the differences and 




CHAPTER 2 - BRAIN STRUCTURE ABNORMALITIES IN 
ASD AND OCD 
2.1 Introduction 
The previous chapter reviewed evidence from the neuropsychological literature 
showing that children with ASD and those with OCD may have overlapping deficits in 
a wide range of executive functions including sustained attention, temporal foresight, 
reward-based decision-making and inhibitory control. This chapter will introduce basic 
principles behind structural brain imaging techniques and review the structural brain 
abnormalities in each disorder that may underpin neuropsychological deficits.  
Historically, it was observed that individuals with lesions to regions in the 
prefrontal cortex (PFC) exhibited deficits in EF. Such observations led to the theory that 
the underlying neural basis of EF problems might exist in prefrontal cortical areas of the 
brain (Miller and Cohen, 2001). As cognitive and behavioural impairments seen in these 
early case studies seemed similar to abnormalities observed in psychiatric disorders 
such as ASD and OCD, scientists began to hypothesise that cognitive phenotypes 
associated with these disorders may be related to abnormalities in the PFC. However, 
the only way to examine these associations between brain abnormalities and cognitive 
function or symptoms in-vivo is through the use of neuroimaging techniques, which 
allow the imaging and measurement of structure, function and biochemistry of the 
brain. Such methods have grown exponentially, from initial methods of post-mortem 
and lesion studies, to the first use of Computerised Tomography (CT) in the 1970s 
(Ambrose, 1973, Hounsfield, 1973), to modern methods of magnetic resonance imaging 
(MRI) (Hoeffner et al., 2012). Today, the only way of obtaining structural information 
about the brain using non-invasive or non-radiating procedures is through structural 
MRI (sMRI) (Poldrack et al., 2011).  
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2.1.1 Magnetic resonance imaging to investigate brain structure 
sMRI has greatly advanced our understanding of brain anatomy and how it 
might relate to higher cognitive function. MRI (Damadian, 1971) relies on the basic 
magnetic properties of the different components in brain tissue. Protons in different 
tissues contain different magnetic properties, and a set magnetic field of an MRI scanner 
(e.g. 3 Tesla) enables the alignment of these particles in the direction of the field 
(Higgins et al., 1996, Banich, 2004, Symms et al., 2004). When a subject is placed 
within the magnetic field of an MRI scanner, the protons within various tissues align in 
the direction of the scanner’s magnetic field. The scanner then emits short radio-
frequency pulses which change the magnetic field and force the protons to temporarily 
align with a new field. The time it takes for the protons to re-align with the original field 
after the pulse is known as the “relaxation time” (termed T1 and T2) and is important for 
the eventual 3D reconstruction of a brain image (Higgins et al., 1996). The main 
advantage of MRI over other modern methods such as CT is the superior spatial 
resolution of MRI and the lack of need for X-rays. However, as the MRI scanner 
involves strong magnetic fields, this introduces the relative disadvantage that people 
with metal in their bodies (e.g. surgical pins, dental work etc.) often cannot be scanned 
with MRI. Moreover, the space where the subject lies in an MRI scanner (the “bore”) is 
quite small, so participants, particularly children, often become claustrophobic. The 
sounds created by the radio-frequency pulses and other scanner functions are also quite 
loud, making the scan uncomfortable for some participants.  
The two main tissue types measured by sMRI are white and grey matter.  White 
matter refers to the myelinated axon bundles extending from a neuron’s cell body, 
whereas grey matter is the cell body itself (Kandel et al., 2000). Grey matter density and 
volume is most commonly measured with standard sMRI. Developmental research has 
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shown a maturation pattern of grey matter that follows an inverted U-shape, increasing 
with age throughout childhood, peaking in adolescence and declining throughout 
adulthood (Blakemore and Choudhury, 2006, Giedd and Rapoport, 2010). While the 
actual number of neurons changes very little in development, this pattern of maturation 
has been attributed to the proliferation of synaptic connections between existing neurons 
and the later synaptic “pruning” in adolescence into adulthood, as the necessity of 
information transfer is refined across development. Thus, development encompasses not 
only the improved efficiency by which the brain transfers information, but also a 
refinement of the information being transferred. Certain fronto-striatal and fronto-
cerebellar brain regions such as the PFC, and more specifically the dorsolateral PFC 
(DLPFC), as well as BG and cerebellum have been shown to develop later than 
subcortical limbic areas (Casey and Jones, 2010, Tiemeier et al., 2010). A linear 
relationship has been shown between structural brain development (particularly in 
prefrontal cortical regions) and the development of cognitive and executive functions 
(Blakemore and Choudhury, 2006, Casey and Jones, 2010, Giedd and Rapoport, 2010). 
Therefore, an understanding of the structural characteristics of the adolescent brain in 
ASD and OCD is critical for a complete understanding of the underpinnings of 
cognitive features of these disorders.   
2.2 Brain structure abnormalities 
2.2.1 Brain structure abnormalities in ASD 
A landmark hypothesis that abnormally large brain size may be a structural 
feature of autism was first suggested in 1943 by Leo Kanner in a series of case studies 
(Kanner, 1943). This paper reported that 5 of 11 cases had unusually “large heads”. This 
study was an initial qualitative observation of this feature, but further quantitative 
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research has shown that between 20% and 40% of individuals with ASD have a head 
circumference within the 97
th
 percentile, known as macrocephaly (Acosta and Pearl, 
2004, Mosconi et al., 2006, Verhoeven et al., 2010, Stigler et al., 2011). However, the 
actual brain structure of individuals with ASD could not be incorporated into this 
hypothesis without the use of sMRI.   
An early and critically important study in the brain structure of children with 
ASD was a longitudinal investigation by Courchesne and colleagues (Courchesne et al., 
2001a) which found that at birth, 30 boys had a normal head circumference, but by age 
2-4 years, 90% who developed ASD had a head circumference larger than average, and 
37% of those qualified as macrocephalic. Moreover, this study found that at ages 2-3 
years, ASD boys had larger than normal cerebral grey (12%) and white (18%) matter 
volumes, as well as cerebellar white matter volumes (39%). Moreover, this abnormality 
was no longer present later in life when the 30 autistic boys were scanned at age 12-16 
years, suggesting that autism may be characterised by early brain overgrowth followed 
by abnormally slowed brain growth later in life, leading to relative normalisation by 
adolescence (Courchesne et al., 2001a).  
This trajectory finding has been replicated (Courchesne et al., 2003, Hazlett et 
al., 2005, Redcay and Courchesne, 2005, Lange et al., 2015), and a number of studies 
support increased total brain volume (TBV) (Sparks et al., 2002, Mak-Fan et al., 2012, 
Nordahl et al., 2012) as well as enlarged grey (Calderoni et al., 2012, Mak-Fan et al., 
2012) and white matter during early life specifically in frontal and temporal regions 
(Courchesne et al., 2004). Most of this evidence comes from studies in young children 
aged 2-5 years, and this timeframe of proposed early brain overgrowth and the study of 
structural abnormalities in the autistic brain is of particular importance within the 
context of the emergence of autistic traits and clinical symptoms, which generally 
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begins around 2.5 years (American Psychiatric Association, 2013). Nonetheless, ASD is 
a highly heterogeneous condition, and other studies across development have found 
increased TBV, grey and white matter volumes in both adolescents and adults with 
ASD (Piven et al., 1992, Brambilla et al., 2003, McAlonan et al., 2005, Palmen et al., 
2005a, Hazlett et al., 2006, Stanfield et al., 2008, Brun et al., 2009) which brings the 
above proposed growth trajectory into question. It is possible that focus on more 
consistent study design and subgroups of specific profiles of ASD are needed as well as 
large-scale longitudinal studies across development.   
Regarding whole-brain studies investigating structural abnormalities in children 
and adolescents with ASD relative to typically-developing controls, increased TBV has 
been observed (Sparks et al., 2002, Waiter et al., 2004, Carper and Courchesne, 2005, 
Palmen et al., 2005b, Hazlett et al., 2006, Brun et al., 2009, Mitchell et al., 2009, Stigler 
et al., 2011), and increased grey matter volumes (GMV) have been found in frontal 
regions including inferior frontal cortex (IFC), DLPFC, medial PFC (mPFC), anterior 
cingulate cortex (ACC) and left medial and superior frontal cortex (Waiter et al., 2004, 
Bonilha et al., 2008, Ke et al., 2008, Calderoni et al., 2012, DeRamus and Kana, 2015, 
Foster et al., 2015, Lim et al., 2015). However, some studies have found that such 
enlargements are evident in ASD individuals only at an early age, with no abnormalities 
observed in their older counterparts (Courchesne et al., 2001a, Aylward et al., 2002). 
Moreover, a meta-analysis of 277 ASD individuals found evidence for increased GMV 
in the insula and parietal regions in pre-adolescent ASD children, while adults with 
ASD showed decreased GMV in these regions compared to typically developing 
individuals (Nickl-Jockschat et al., 2012).  
Another approach to MRI analysis is known as region of interest (ROI) analysis. 
In this approach, the search area within the brain is limited to one or more pre-specified 
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areas or brain regions, usually based on a priori hypotheses, reducing the number of 
comparisons being made and thus increasing the statistical power to detect group 
differences (Poldrack, 2007). This approach is useful if there is a strong justification for 
investigating the ROI, but is also a less statistically stringent method compared to 
whole-brain analysis. One ROI investigation of structural abnormalities in the DLPFC 
in children and adolescents with ASD found increased GMV in this region in ASD 
children compared to typically-developing children and showed that this was related to 
increased symptom severity as indexed by the ADOS (Mitchell et al., 2009). Despite 
these findings, decreases in frontal GMV have also been observed in children and 
adolescents with ASD compared to controls in orbitofrontal cortex (OFC), mPFC, right 
IFC and DLPFC (Zilbovicius et al., 1995, Kwon et al., 2004, McAlonan et al., 2005, 
McAlonan et al., 2008, Mengotti et al., 2011, Riva et al., 2011).  
In addition to cortical regions, structural abnormalities in the cerebellum have 
been consistently implicated in the pathophysiology of ASD, particularly in adolescence 
(DeRamus and Kana, 2015), particularly during attention functions (Courchesne et al., 
1994, Allen and Courchesne, 2003). The cerebellar vermis (lobules VI-VII) was among 
the first regions to be shown as abnormally small in ASD patients using MRI 
(Courchesne  et al., 1988), and since this early study, many studies have replicated this 
finding, predominantly in the left cerebellar hemisphere and vermis (Courchesne  et al., 
1988, Courchesne et al., 1994, Hashimoto et al., 1995, Courchesne, 1997, Carper and 
Courchesne, 2000, Courchesne et al., 2001a, Courchesne et al., 2007, Cauda et al., 
2011, Nickl-Jockschat et al., 2012, Riva et al., 2013, DeRamus and Kana, 2015, Foster 
et al., 2015), while others have been unable to find such differences (Hashimoto et al., 
1992, Holttum et al., 1992, Piven et al., 1992). Moreover, reduced cerebellar volumes 
have been linked to increases in frontal grey matter of ASD individuals (Carper and 
Courchesne, 2000) as well as ASD symptomatology in children (Riva et al., 2013), 
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suggesting a role for fronto-cerebellar networks in the pathophysiology of ASD. Given 
age-related findings of volumetric changes in autism (Nickl-Jockschat et al., 2012), it is 
possible that these discrepancies stem from heterogeneity among different subgroups of 
ASD patients as well as variation across age groups (Courchesne et al., 1994). With 
specific regard to child and adolescent studies, increased (Sparks et al., 2002, Palmen et 
al., 2005a, Bonilha et al., 2008) as well as decreased (Courchesne et al., 2001a, Brun et 
al., 2009, Webb et al., 2009, Foster et al., 2015) total cerebellar volumes and grey and 
white matter cerebellar volumes have been found, highlighting the need for further 
research into abnormalities associated with ASD during specific developmental stages 
across the lifespan. 
Structural abnormalities in the temporal and parietal lobes in ASD have also 
been investigated. Despite the implication of the temporo-parietal junction in social 
cognition and mentalising, and its relevance to ASD (Lombardo et al., 2011), structural 
findings in the temporal lobe in ASD are mixed. In addition to increased total temporal 
lobe volumes (Waiter et al., 2004, Brun et al., 2009, Jou et al., 2010), increased (Abell 
et al., 1999, Waiter et al., 2004, Bonilha et al., 2008, Mengotti et al., 2011, Xiao et al., 
2014, Foster et al., 2015, Lim et al., 2015) and decreased GMV (Boddaert et al., 2004, 
Kwon et al., 2004, Brieber et al., 2007, McAlonan et al., 2008, Riva et al., 2011, Foster 
et al., 2015) and decreased white matter volumes (Waiter et al., 2005, Bonilha et al., 
2008) have been observed in children and adolescents with ASD compared to typically-
developing controls of the same age. The parietal lobe has been implicated in sensory 
processing and integration (Blakemore and Sirigu, 2003). However, limited findings 
from paediatric ASD sMRI studies of parietal abnormalities are mixed, with one small 
study finding increased grey matter and decreased white matter volume in the parietal 
lobe of ASD adolescents relative to controls (Bonilha et al., 2008). Another larger study 
with 20 ASD individuals finding increased GMV in inferior and superior parietal 
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regions (Mengotti et al., 2011), whereas a study of 17 medication-naïve ASD 
adolescents found decreased parietal lobe grey matter compared to controls (McAlonan 
et al., 2005) and another study of 21 patients found decreased grey matter in the right 
inferior parietal lobe in ASD individuals compared to controls (Riva et al., 2011). 
Subcortical structural abnormalities have also been found in children and 
adolescents with ASD; the thalamus and basal ganglia (BG) have been implicated in 
repetitive behaviours (Hollander et al., 2005, Langen et al., 2011, Wolff et al., 2013, 
Langen et al., 2014) and inhibition (Dambacher et al., 2014). Whole-brain studies in 
ASD have found decreased grey matter in the caudate, nucleus accumbens and globus 
pallidus in children with ASD relative to controls (McAlonan et al., 2005, McAlonan et 
al., 2008, Riva et al., 2011). An ROI study found that increased right caudate and total 
putamen volumes in individuals with ASD correlated positively with repetitive 
behaviour scores on the ADI, particularly with higher order OCD-like repetitive 
behaviours (Hollander et al., 2005). Moreover, the thalamus is closely interconnected 
with the BG (Alexander and Crutcher, 1990), and whole brain analyses have found 
decreased GMV in the thalamus in children with ASD relative to controls (Waiter et al., 
2004), supported by an ROI study (Tamura et al., 2010). Nonetheless, other studies 
have shown increased GMV in the thalamus, putamen and caudate (Bonilha et al., 2008, 
Foster et al., 2015). A longitudinal ROI study of striatal volumes and growth rates found 
that while there were no differences in GMV of the striatum between ASD individuals 
and controls at either time point, ASD individuals had increased growth rates of the 
caudate in early childhood relative to controls which was related to rigid behaviours 
later in childhood (Langen et al., 2014).  
The medial temporal lobe comprises a group of subcortical structures often 
referred to as the limbic system. These structures include the amygdala, hippocampus, 
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hypothalamus and parahippocampal gyrus and have been associated with the 
pathophysiology of autism, specifically with regard to social function; the amygdala in 
particular has been implicated in social cognition (Brothers, 2002) because of its 
relevance to emotion processing and anxiety (LeDoux, 2000) and was first linked to 
autism by Kemper and Bauman (Kemper and Bauman, 1993) in post-mortem studies. 
More recently, MRI evidence of amygdala abnormalities in ASD led Baron-Cohen et al. 
to link this structure to the social impairments commonly observed in ASD (Baron-
Cohen et al., 2000), a theory that has since been supported by more recent sMRI 
investigations in childhood (Munson et al., 2006, Mitchell et al., 2009, Schumann et al., 
2009). Paediatric sMRI studies have found increased total amygdala volumes and faster 
growth rates in young children with ASD relative to controls (Sparks et al., 2002, 
Schumann et al., 2004, Schumann et al., 2009, Nordahl et al., 2012), and an ROI study 
in 42 children with ASD found that increased total volumes and right (but not left) 
amygdala volumes were associated with parent-reported anxiety symptoms (Juranek et 
al., 2006), linking the role of this region in anxiety to autism. Other sMRI findings of 
limbic structure abnormalities in children and adolescents with ASD include increased 
GMV in the parahippocampal gyrus (Waiter et al., 2004, Bonilha et al., 2008). 
Moreover, Schumann and colleagues found that while amygdala volumes were 
increased in young toddlers but not adolescents with ASD relative to controls, increased 
hippocampal volumes were evident in ASD across development from early childhood 
into adolescence (Schumann et al., 2004). However, there have also been some studies 
reporting decreased GMV in the hippocampus-amygdala complex (Brieber et al., 2007), 
parahippocampal gyrus (Ke et al., 2008) and hypothalamus (Kurth et al., 2011).   
The above findings of structural abnormalities in children and adolescents with 
ASD suggest important conclusions but also highlight the heterogeneity within the ASD 
literature and the need for further work focussing on more refined groups of ASD 
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individuals and larger sample sizes to account for differences in age, sex, symptom 
severity and subtype. Nonetheless, findings of increased total cerebral, DLPFC and 
amygdala volumes have been widely replicated in child and adolescent samples (Sparks 
et al., 2002, Schumann et al., 2004, Waiter et al., 2004, Carper and Courchesne, 2005, 
Palmen et al., 2005b, Hazlett et al., 2006, Brun et al., 2009, Mitchell et al., 2009, 
Schumann et al., 2009, Stigler et al., 2011, Nordahl et al., 2012, Foster et al., 2015), 
supporting the theory of early brain overgrowth in children with ASD relative to age-
matched peers (Courchesne et al., 2001a, Courchesne, 2004). Although findings of 
decreased cerebellar volumes are relatively congruent (Courchesne  et al., 1988, 
Courchesne et al., 1994, Hashimoto et al., 1995, Courchesne, 1997, Carper and 
Courchesne, 2000, Courchesne et al., 2001a, Courchesne et al., 2007, Cauda et al., 
2011, Nickl-Jockschat et al., 2012, Riva et al., 2013, DeRamus and Kana, 2015, Foster 
et al., 2015), there exist inconsistencies in the literature for structural findings in the 
cerebellum, temporal and parietal lobes, again highlighting a need for further 
investigation in large samples to more precisely determine regions of increased and/or 
decreased grey matter in ASD groups relative to the typically developing population. 
Nonetheless, abnormalities within fronto-limbic networks including the amygdala have 
been associated with social communication deficits, and structural abnormalities in 
these regions as well as the BG and cerebellum have been linked to ASD 
symptomatology, including repetitive behaviours and social impairments (Riva et al., 
2013, Langen et al., 2014, Richter et al., 2015, Yang et al., 2016). These abnormalities 
are identifiable from an early age, possibly suggesting early-life biomarkers that may be 
indicative of the development of autistic symptoms later in development. This yields 
clinical implication, providing a potential avenue into further research for early 
identification and possible treatment of ASD-related behaviours. 
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2.2.2 Brain structure abnormalities in OCD 
Early anatomical studies in primates were the first to document specialized brain 
circuits connecting the BG to the frontal cortex, termed ‘fronto-striatal loops’ 
(Alexander et al., 1986), which work in parallel but have specific functions based on 
their connections to varying regions of the frontal lobe.  Among these fronto-striatal 
loops is the orbito-frontal cortico-striato-thalamo-cortical loop, connecting the OFC to 
the caudate head and ventral striatum, continuing to the medio-dorsal thalamus and 
returning to the OFC. This pathway has since been modified to include limbic structures 
including the basolateral amygdala and hippocampus as well as the ACC, suggesting a 
role for this circuitry in affective states, inhibitory control and emotion cognition 
(Lawrence et al., 1998, Phillips et al., 2003). As such, neuroimaging research in OCD 
has long focused on these orbitofronto-striatal loops (McGuire et al., 1994, Saxena et 
al., 1998b, Graybiel, 2000, Saxena et al., 2001, Mataix-Cols and van den Heuvel, 2006). 
Early PET (Baxter et al., 1987, Mazziotta et al., 1988) and lesion studies (Laplane et al., 
1989, Chacko et al., 2000, Carmin et al., 2002, Kim and Lee, 2002, Ogai et al., 2005) 
primarily implicated the OFC and BG in the pathophysiology of OCD, leading many 
researchers to focus on structural differences within these affective fronto-striatal loops 
in ROI studies (for reviews, see (Maia et al., 2008, Menzies et al., 2008)). These 
investigations initially provided relatively robust evidence for reduced OFC volumes in 
OCD patients, as well as evidence for BG abnormalities, although findings for the 
direction of BG abnormalities was less consistent, possibly due to heterogeneity of 
OCD patients included in these studies.  
This work led to the development of influential ‘fronto-striatal’ models of OCD, 
initially posited by Saxena and colleagues and since elaborated upon by many others. 
These models have been termed many things but mostly centre around the involvement 
56 
 
of the OFC, ACC and caudate nucleus and their interconnections via cortico-striato-
thalamo-cortical (CSTC) affective and cognitive loops (Baxter Jr et al., 1996, Saxena et 
al., 1998a, Graybiel, 2000, Saxena and Rauch, 2000, Lichter and Cummings, 2001, 
Maia et al., 2008). It has been proposed that OCD results from an imbalance between 
“direct” excitatory and “indirect” inhibitory OFC/ACC CTSC pathways through the BG 
(Alexander et al., 1986, Albin et al., 1989, DeLong, 1990), such that excessive activity 
in direct pathways results in a positive feedback loop and ‘traps’ patients in a cycle of 
obsessive thoughts (Graybiel, 2000, Saxena and Rauch, 2000, Baxter et al., 2001, 






Figure 2.1 Schematic conceptualization of cortico-striato-thalamo-cortical loops 
Adapted from Maia et al., 2008 and Menzies et al., 2008. The direct pathway runs from the cortex to the 
striatum via excitatory glutamatergic (blue arrows) and inhibitory GABAergic connections (red dashes). 
It then runs directly to the internal segment of the globus pallidus (GPi) and substantia nigra pars 
reticulata (SNr), then to the thalamus and returns to the cortex. The indirect pathway runs from the cortex 
to the striatum, then to the external segment of the globus pallidus (GPe), then to the subthalamic nucleus 
(STN), then to the Gpi/SNr, thalamus, and finally back to the cortex. As the direct pathway contains an 
even number of inhibitory connections, its net effect from cortex back to cortex is excitatory, whereas the 
indirect pathway has an odd number of inhibitory connections, so the net effect is inhibitory. Saxena 
(1998) and others (e.g. Graybiel & Rauch, 2000) proposed that OCD occurs as a result of an imbalance 
between these two pathways, with excessive activity in direct pathways.   
 
However, while models of orbitofronto-striatal dysregulation have received 
much subsequent focus in the OCD literature, the plausibility and specificity of these 
models has also been called into question. Recent reviews and meta-analyses of grey 
and white matter alterations in OCD have suggested that other brain regions such as the 
parietal lobe may also be implicated in OCD (Menzies et al., 2008, Radua and Mataix-
Cols, 2009, Radua et al., 2010). Moreover, in addition to hyperactivity within affective 
OFC/ACC medial prefrontal limbic circuitry, neurocognitive reviews of OCD have also 
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implicated reduced activation in dorsal fronto-parietal-striatal cognitive networks 
(Menzies et al., 2008).    
Before reviewing the sMRI literature in OCD, it is important to note that among 
OCD studies, it is quite common for some or all of the patients to be receiving 
antidepressant or neuroleptic medication at the time of testing or have a history of 
medication use (e.g. 4-week washout before testing). The long-term effects of these 
medications are relatively unknown, but there is evidence for the effects of serotonin on 
the brain (Murphy et al., 2008, Murphy, 2010), and thus results should be interpreted 
with this caveat in mind. Moreover, co-morbid depression and anxiety is common in 
OCD, and the effects of these comorbidities are often not accounted or controlled for in 
OCD studies. Additionally, most OCD investigations include patients with a range of 
symptom profiles, but it has been shown that different symptom profiles of OCD can 
have different underlying neural correlates (Phillips et al., 2000, Mataix-Cols et al., 
2004).  
In line with orbitofrontal-striatal models, much of the evidence for frontal lobe 
structural abnormalities in OCD implicates the OFC and comes from ROI studies, 
primarily in adults, which have found reduced GMV bilaterally in this region in patients 
relative to controls (Szeszko et al., 1999, Choi et al., 2004, Atmaca et al., 2006, Atmaca 
et al., 2007) (one study (Kang et al., 2004) found reductions only in the left OFC). 
Evidence of reduced OFC volume in OCD has also been supported by whole-brain 
studies (Pujol et al., 2004, van den Heuvel et al., 2009, Togao et al., 2010, Hou et al., 
2013). However, there have also been studies finding increased OFC volumes in adults 
and adolescents relative to controls (Kim et al., 2001, Valente Jr et al., 2005, Christian 
et al., 2008, Szeszko et al., 2008, Britton et al., 2010). Notably, findings in adolescence 
were limited to analyses excluding patients with comorbid depression (Christian et al., 
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2008). Indeed volumetric abnormalities in this region in OCD seem to be linked to the 
presence or absence of comorbid depression (Piras et al., 2015). In another adolescent 
study, increased GMV in left medial OFC was related to greater symptom severity 
(Szeszko et al., 2008). Despite the implications of the OFC in OCD, a meta-analysis 
including 12 studies of 401 adults with OCD found GMV reductions in patients relative 
to controls in dmPFC and ACC but critically did not find group difference in the OFC 
(Radua and Mataix-Cols, 2009). There have been only 8 published studies of whole-
brain voxel-based morphometry (VBM) of structural abnormalities in paediatric OCD, 
similarly producing somewhat mixed results of frontal abnormalities. Some studies 
(Carmona et al., 2007, Gilbert et al., 2008a) showed smaller GMV in middle frontal 
cortex and ACC while other studies (Szeszko et al., 2008, Britton et al., 2010, Zarei et 
al., 2011) found enhanced volumes in putamen, ACC, IFC and OFC in patients relative 
to controls. This heterogeneity in findings is supported by a systematic review of the 
paediatric OCD VBM literature (Ahmed et al., 2012) which concluded that children 
with OCD have reduced GMV in the ACC that is consistent with similar findings in 
adult studies (Ahmed et al., 2012). The largest VBM study of paediatric OCD similarly 
found absolute reductions compared to controls in medial frontal gyrus and ACC (Pujol 
et al., 2004). Other studies have found reduced GMV in regions involved in conflict 
monitoring and cognitive control (Bush et al., 2000) including left caudal and dorsal 
ACC in adults (Matsumoto et al., 2010) and adolescents (Carmona et al., 2007, Gilbert 
et al., 2008a). In other studies (including a meta-analysis; (Norman et al., 2016)) 
incorporating adults and children with OCD, findings in the dorsal ACC extend into 
nearby regions of the medial frontal wall (Valente Jr et al., 2005, Kopřivová et al., 2009, 
Norman et al., 2016), an area commonly associated with stimulus representation 
(Rushworth et al., 2007). Thus, while mixed results are likely a result of the vast 
heterogeneity in samples (adults vs. children), methods (ROI vs. whole-brain) and 
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clinical status (medication, symptom severity), this evidence largely supports initial 
findings of reduced medial prefrontal, orbitofrontal and ACC GMV in individuals with 
OCD, supporting orbitofronto-striatal models. 
The BG is another region critically involved in CSTC models, as whole-brain 
meta-analyses (Radua and Mataix-Cols, 2009, Radua et al., 2014a, Norman et al., 2016) 
have shown that the BG, encompassing the striatum and thalamus, is increased in 
volume in both adults and children with OCD compared to controls. However, some 
smaller ROI studies in adults (Kang et al., 2004, Atmaca et al., 2006, Atmaca et al., 
2007) and medication-naïve children (Szeszko et al., 2004) report no differences 
between patients and controls, particularly in the caudate. It has also been shown that 
volumetric changes in the putamen and nucleus accumbens are particularly insensitive 
to age in OCD such that volumes in this region are preserved with ageing in OCD but 
decline with age in healthy populations, as demonstrated in a large cross-sectional study 
(Pujol et al., 2004) and confirmed by a recent cross-sectional mega-analysis (deWit et 
al., 2014). Moreover, the largest and most recent meta- and mega-analysis to date 
(ENIGMA consortium; (Boedhoe et al., 2017)) used an ROI approach examining 
subcortical volumes and found that in the meta-analysis (35 datasets), adults with OCD 
had larger pallidum GMV compared to controls, but no differences in any of the 
investigated ROIs were observed between children with OCD and control children. 
Moreover, the mega-analysis (1,495 OCD adults, 335 OCD children) found that 
children, but not adults, with OCD had larger thalamus GMV compared to healthy 
controls (which was moreover pronounced in patients without comorbid anxiety) 
(Boedhoe et al., 2017). This may partially explain heterogeneity among the literature in 
striatal and BG volumetric findings, as age is likely an influential factor in GMV of 
these regions; a smaller study (Hoexter et al., 2013) found that enhanced caudate and 
putamen volumes seen in OCD may be dependent on age or treatment status. 
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Interestingly, a systematic review reported that age significantly contributed to striatal 
enlargement, extending the above mega-analysis findings and suggesting that volume 
increases in these regions across the lifespan in OCD (Piras et al., 2015). Furthermore, 
paediatric (Szeszko et al., 2008) and adolescent (Zarei et al., 2011) studies as well as 
meta-analyses of adult studies (Radua and Mataix-Cols, 2009) and combined adolescent 
and adult studies (Rotge et al., 2009, Peng et al., 2012) have found that increased 
bilateral putamen volumes and effect sizes for left and right thalamus increases are 
associated with symptom severity in medicated as well as medication-naïve OCD 
samples, linking volumetric increases in this region to the clinical expression of OCD. 
Enhanced thalamus volume has also been found in OCD patients relative to controls 
(Kim et al., 2001, Christian et al., 2008, Yoo et al., 2008), and this enlargement was 
concurrent with OFC enlargement in two of these studies (Kim et al., 2001, Christian et 
al., 2008), providing additional support for CTSC network abnormalities in OCD. It has 
been suggested that intra-study variability in caudate and BG volumes in OCD may be a 
result of variability in the CTSC loops that run via the BG (Maia et al., 2008); different 
parts of the BG (e.g. ventral striatum versus caudate head) comprise different loops, and 
it may be that alterations in a subcomponent of the BG do not influence the overall 
volume of this region.   
Studies of structural abnormalities in OCD do not widely implicate the 
cerebellum, but recent work suggests that perhaps more attention should be given to this 
region when discussing models of OCD (deWit et al., 2014). Findings of cerebellar 
abnormalities have been mixed; several studies (Pujol et al., 2004, Rotge et al., 2010) 
including a meta-analysis of 15 studies (Peng et al., 2012) and another of 30 studies 
(Norman et al., 2016), as well as a large-scale mega-analysis of 412 individuals with 
OCD which included paediatric patients (deWit et al., 2014), found that compared to 
controls, adult and paediatric patients with OCD had increased cerebellar volumes, 
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while another study found reduced left cerebellar volumes in patients relative to controls 
(Kim et al., 2001), and a meta-analysis found no volumetric differences in this region in 
patients relative to controls (Radua and Mataix-Cols, 2009). Moreover, bilateral 
cerebellar volumes have been found to be inversely correlated with Y-BOCS scores in 
adults, suggesting that smaller cerebellar volumes in OCD are associated with greater 
symptom severity (van den Heuvel et al., 2009), but the opposite association has been 
observed in adolescents (Zarei et al., 2011). Again, it is probable that these conflicting 
findings are due to heterogeneous samples, comorbidity, and medication use, but this 
suggests that more consideration of the cerebellum in the pathophysiology of OCD may 
be warranted, with particular attention given to developmental effects. 
In the medial temporal and limbic lobes, studies in both children and adults 
generally report enlarged volumes in a paralimbic network of the medial temporal lobe, 
amygdala, hippocampus, parahippocampus and hypothalamus in OCD patients relative 
to controls (Kim et al., 2001, Valente Jr et al., 2005, Yoo et al., 2008, Lázaro et al., 
2009, Hou et al., 2013, Tang et al., 2015). However, one ROI study in adults with OCD 
reported reduced bilateral hippocampal but enlarged left amygdala volumes in patients 
relative to controls (Kwon et al., 2003). Moreover, one of these studies (Valente Jr et 
al., 2005) found that volumes in the parahippocampal gyrus and bilateral amygdala were 
negatively associated with duration of treatment. However, a longitudinal study in 
children and adolescents (Lázaro et al., 2009) found that increased GMV in the right 
temporal pole extending into parahippocampal gyrus, hippocampus and amygdala was 
only evident in post- but not pre-treatment scans and only at a relatively liberal 
threshold of p<0.001 uncorrected. Specific to the insula, results are slightly more 
conflicting. Some adult studies (Kim et al., 2001, Valente Jr et al., 2005) report 
increased volumes in patients relative to controls in the right (Kim et al., 2001) and left 
(Valente Jr et al., 2005) insula, while other studies (Pujol et al., 2004, Yoo et al., 2008) 
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report reduced volumes in this region. However, this heterogeneity could be due to lack 
of distinction between anterior and posterior insular cortices, supported by evidence 
from an ROI study specifically investigating anterior/posterior divisions in the insula in 
a large sample of adults with OCD which found enlarged anterior but reduced posterior 
insula volumes (Song et al., 2011).  
Temporal and parietal regions are less consistently reported to be abnormal in 
OCD compared to the literature in ASD, but differences have been observed. A study 
investigating GMV in a sample of adults with OCD found that patients had enhanced 
GMV relative to controls in left superior and right middle temporal gyri and left inferior 
parietal lobe (Kim et al., 2001), and a later study extended these findings to a group of 
medication-naïve children, showing enhanced right superior temporal and bilateral 
parietal volumes in patients relative to controls (Szeszko et al., 2008). A more recent 
meta-analysis encompassing 30 studies comparing 938 children and adults with OCD to 
942 controls found that OCD patients had decreased GMV relative to controls in a large 
left-hemispheric cluster encompassing the superior temporal lobe (Norman et al., 2016), 
and enhanced GMV in right superior parietal lobe in OCD has been negatively 
associated with comorbid depression (Radua and Mataix-Cols, 2009). In line with this 
evidence, some reports suggest that the parietal cortex may play a bigger role in OCD 
than previously thought (Menzies et al., 2007, Menzies et al., 2008, van den Heuvel et 
al., 2009). Moreover, van den Heuvel et al. (van den Heuvel et al., 2009) found that 
GMV (and white matter volumes) in the temporal lobe were differentially associated 
with different symptom dimensions in OCD; bilateral temporal volumes were 
negatively associated with harm/checking symptoms, while they were positively 
associated with symmetry/ordering symptoms. These results, while limited, suggest that 
in addition to fronto-striatal regions, temporo-parietal regions may also play a role in 
the pathophysiology of OCD and presentation of OCD-related symptoms.  
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2.3 Summary of brain structure abnormalities in ASD and OCD 
Based on the findings outlined above, there seem to be both similarities and 
potential differences in brain structure abnormalities between ASD and OCD, notably in 
dorsolateral and medial orbitofronto-striatal regions, with enhanced dorsal lateral and 
medial frontal volumes observed in ASD but reduced medial and OFC volumes 
observed in OCD (although there is vast heterogeneity in the literature concerning both 
groups). No studies have directly compared brain structure between these disorders, but 
drawing upon the existing literature in each disorder, including reviews, mega- and 
meta-analyses, can lead to hypotheses about similarities and differences.  
Regarding mostly cross-sectionally derived hypotheses about developmental 
trajectories of brain structure in each disorder, ASD is often characterised by the 
seminal finding of early brain overgrowth in childhood followed by delayed growth or 
even decreased volumes in patients with ASD relative to typically-developing children 
(Courchesne et al., 2001b). A neurodevelopmental account of OCD is less consistent, 
but studies have hinted at the implications of age and neurodevelopment in the 
emergence of OCD-related symptoms (Rosenberg and Keshavan, 1998, Menzies et al., 
2008). Structural imaging studies in OCD more commonly include adult patients and 
often do not account for factors such as age which could plausibly have an effect on 
brain structure differences between children and adults with OCD. More recently, large-
scale cross-sectional studies in OCD have found age-related changes in brain structures 
related to CSTC models of OCD including putamen and OFC, with studies suggesting 
that striatal volumes may be preserved across the lifespan in OCD (deWit et al., 2014), 
and others suggesting that volumetric differences are evident between adults, but not 
children, with OCD and controls (Boedhoe et al., 2017). However, studies of the 
developmental trajectory of OCD in early childhood are lacking, as OCD-related 
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symptomatology usually emerges later in development, and there are no longitudinal 
studies to date following individuals with OCD across the lifespan (Ruscio et al., 2010). 
There appears to be an increase in total cerebral, dorsolateral and medial 
prefrontal, and striatal grey matter volumes in children with ASD relative to typically 
developing children (Sparks et al., 2002, Waiter et al., 2004, Carper and Courchesne, 
2005, Hazlett et al., 2006, Bonilha et al., 2008, Brun et al., 2009, Mitchell et al., 2009, 
Hyde et al., 2010, Stigler et al., 2011, Foster et al., 2015, Lim et al., 2015) (although 
decreased mPFC volumes have also been observed (Zilbovicius et al., 1995, Kwon et 
al., 2004, McAlonan et al., 2005, McAlonan et al., 2008, Mengotti et al., 2011, Riva et 
al., 2011), highlighting the heterogeneity among individuals included in ASD studies). 
On the other hand, reduced medial and orbitofrontal volumes are consistently reported 
in children with OCD relative to healthy controls (Ahmed et al., 2012, Norman et al., 
2016), and OCD has been associated with abnormal BG and striatal volumes, the 
direction of which may be age-dependent (e.g. reduced or no difference in children with 
OCD but enhanced in adult patients relative to controls) (Toga et al., 2006, Piras et al., 
2015). Although the direction of these abnormalities has been less consistently 
demonstrated, it seems that there is a trend in the literature among reviews and meta-
analyses towards increased thalamic and striatal volumes in individuals with OCD, 
which would be in line with theories of a functional dysregulation within medial 
prefrontal and orbitofronto-striatal networks where BG are overactive and larger in 
volume and poorly controlled by prefrontal regions that are reduced in volume and 
function (Menzies et al., 2008, Norman et al., 2016).  
It is speculative to link structural alterations to observed behaviour, but a better 
understanding of structural abnormalities that are either shared or disorder-specific in 
ASD and OCD is a critical first step toward identifying biologically-based markers of 
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these disorders and accompanying symptoms. However, no studies have compared 
these two disorders on the basis of structural brain differences that may be important 
underlying factors in cognitive deficits observed in each disorder. Preliminary 
conclusions regarding similarities and differences can be made based on the above 
evidence. Children with ASD have been associated with early brain overgrowth 
resulting in increased volumes in medial and lateral fronto-striatal, fronto-limbic and 
fronto-temporal structures (Courchesne, 2004, Nordahl et al., 2012, Lange et al., 2015), 
which later in life appear to be diminished relative to controls, while orbitofrontal 
structures involved in CSTC loops are more consistently implicated in OCD, with a 
focus in the literature on models of orbitofronto-striatal dysregulation (reduced OFC 
volumes but enhanced BG volumes) (McGuire et al., 1994, Saxena et al., 1998b, 
Graybiel, 2000, Saxena et al., 2001, Mataix-Cols and van den Heuvel, 2006, Menzies et 
al., 2008). This PhD aimed to test this hypothesis by conducting a comparative meta-
analysis of all whole-brain structural VBM studies in the two disorders. Thus, a direct 
comparison of structural differences between these disorders is presented in Chapter 4 




CHAPTER 3 - FUNCTIONAL MRI ABNORMALITIES IN 
ASD AND OCD 
3.1 Introduction 
fMRI enables the investigation of brain activation while a subject performs a 
cognitive task in an MRI scanner (Poldrack et al., 2011). This method is based on the 
concept that when a certain part of the brain is active (e.g. being used for a particular 
task/function), regional blood flow to this area is increased, delivering excess glucose 
and oxygen to the neurons of that region. This results in ‘active’ brain regions having 
more oxygenated blood at a given time than regions which are less active during that 
task, a mechanism known as the Blood-Oxygen Level Dependent (BOLD) response 
(Ogawa et al., 1990). The BOLD response is integral to the theory behind fMRI, 
exploiting the magnetic properties of oxy- and deoxyhaemoglobin in the blood. 
Deoxyhaemoglobin is a paramagnetic molecule, meaning that it causes a disturbance in 
the scanner’s magnetic field, which in turn affects the magnetic resonance of the protons 
in the water molecules of the blood surrounding the deoxyhaemoglobin, an effect that 
can be measured by the scanner (Turner et al., 1998).  
fMRI (and sMRI) are advantageous over other methods of brain imaging such as 
electroencephalography (EEG) because of their superior spatial resolution, and fMRI is 
a preferred method for investigating brain function in child, adolescent and clinical 
populations, as it is far less invasive compared to Single-Photon Emission Computed 
Tomography (SPECT) or Positron Emission Tomography (PET), which use injected 
radioactive isotopes. Given that the focus of this PhD is cognitive control, attention, and 
reward-based decision-making in adolescents with ASD and OCD, the paediatric and 
adolescent fMRI literature in these domains will be reviewed below, and adult studies 
will be discussed when there is a dearth of developmental work. The fMRI literature of 
other cognitive functions will also be discussed briefly.  
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3.2 Cognitive control and inhibition 
3.2.1 fMRI studies of cognitive control in ASD 
There have been five fMRI studies of inhibitory control in children/adolescents 
with ASD, two investigating motor inhibition (Ambrosino et al., 2014, Chantiluke et al., 
2015b) and three examining cognitive interference inhibition (Solomon et al., 2009, 
Vaidya et al., 2011, Solomon et al., 2014). A table of all whole-brain fMRI studies of 
inhibitory control in ASD (as well as OCD), along with their findings, is presented in 
Chapter 4. During whole-brain and ROI studies of cognitive interference inhibition, 
adolescents with ASD have shown decreased activation in bilateral middle/superior 
frontal cortex including DLPFC and ACC, superior parietal lobe and precuneus, and in 
left IPL and premotor cortex and right caudate relative to controls, with worse task 
performance (more errors) compared to controls (Solomon et al., 2009, Vaidya et al., 
2011, Solomon et al., 2014). Moreover, Solomon et al. (Solomon et al., 2014) found 
reduced sensorimotor and parietal activation in older vs. younger adolescents with ASD. 
During motor inhibition, one study showed that children with ASD had increased 
activation in bilateral IFG and but decreased left IPL activation (Chantiluke et al., 
2015b), while an earlier study (Ambrosino et al., 2014) showed no differences between 
ASD individuals and controls. Across age groups, it has broadly been observed that 
during successful motor response and interference inhibition, both children and adults 
with ASD show decreased ACC, right IFC, bilateral superior/middle frontal cortical and 
premotor activation (Kana et al., 2007, Solomon et al., 2009). Moreover, increased left 
IFC and OFC activation have been observed in adults with high-functioning ASD 
(Schmitz et al., 2006), but there is significant heterogeneity in the adult literature, with 
other response inhibition studies (e.g. (Daly et al., 2014, Shafritz et al., 2015)) showing 
decreased IFC/VLPFC activation in ASD adults. This discrepancy can partially be 
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attributed to task differences, small sample sizes, and sample/age heterogeneity but 
highlights the need for additional studies. A table of all whole-brain fMRI studies of 
inhibitory control in ASD, along with their findings, is presented in Chapter 4, which 
also presents a comparative meta-analysis of inhibitory control functions in ASD and 
OCD. 
fMRI studies of switching in adults with ASD have found abnormal activation in 
fronto-striatal, parietal and cerebellar attention networks in ASD relative to typically-
developing individuals (Schmitz et al., 2006, Shafritz et al., 2008). In a target detection 
set-shifting task requiring flexible attention, ASD individuals exhibited activation to 
target stimuli in ACC and IPS that decreased as a function of RRBI severity (Shafritz et 
al., 2008). Schmitz et al. (Schmitz et al., 2006) also used a set-shifting task and found 
that ASD individuals had increased activation in left frontal and insular regions and 
right inferior and left mesial parietal lobes during switch trials. Schmitz and colleagues 
also inlcuded a Go/No-go task and found that ASD individuals had increased left 
inferior and orbitofrontal activation during response inhibition (Schmitz et al., 2006).  
3.2.2 fMRI studies of cognitive control in OCD 
As it has been argued that symptoms of OCD may arise from a failure to inhibit 
certain thoughts or behaviours (van Velzen et al., 2014), inhibitory control is a 
potentially useful construct for studying the underlying neural mechanisms implicated 
in the pathophysiology of OCD (Nakao et al., 2005, Woolley et al., 2008, Page et al., 
2009, Morein-Zamir et al., 2015, Norman et al., 2016). The ACC has been commonly 
implicated in cognitive interference inhibition in OCD in both children and adult 
studies, but results are not consistent. Some studies in adults (Fitzgerald et al., 2005) 
and children (Huyser et al., 2011) with OCD have shown ACC hyperactivation in 
patients relative to controls, while others (Nakao et al., 2005, Rubia et al., 2011) have 
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shown decreased activation. However, findings of hyperactivation are possibly due to 
the ACC’s involvement in conflict processing and error monitoring, as a recent meta-
analysis of 14 studies of inhibitory control across multiple inhibition tasks found 
decreased ACC activation in OCD (Norman et al., 2016). Moreover, increased 
activation in fronto-striatal regions including IFG and putamen as well as increased 
functional connectivity between the putamen and fronto-striatal and parietal regions has 
also been observed in adult OCD patients relative to controls during a Simon flanker 
task (Marsh et al., 2014). During motor inhibition tasks, decreased activation in inferior 
and orbitofronto-striato-thalamo-cortical regions has been found in adults (Roth et al., 
2007, Page et al., 2009, Kang et al., 2013) and children (Woolley et al., 2008, Rubia et 
al., 2010a), although one ROI study found increased activation in these regions, namely 
in lateral OFC, caudate and thalamus (Maltby et al., 2005). The most consistent finding 
among these studies is decreased activation in DLPFC, IFG, striatum and thalamus in 
individuals with OCD (Roth et al., 2007, Woolley et al., 2008, Page et al., 2009, Rubia 
et al., 2010a, de Wit et al., 2012). It should also be noted, however, that two fMRI 
studies investigating cognitive interference inhibition in children found no activation 
differences between patients and controls (Fitzgerald et al., 2010, Huyser et al., 2011), 
suggesting that perhaps there is a developmental effect of abnormal response inhibition 
in OCD, although more studies are needed to confirm this hypothesis.  
Several adult and paediatric studies (Gu et al., 2008, Woolley et al., 2008, Page 
et al., 2009, Britton et al., 2010, Rubia et al., 2010a, Han et al., 2011) have investigated 
cognitive flexibility and switching in OCD. Many of these studies were in relatively 
small (N=10) samples of mostly medicated patients but suggest cognitive control 
difficulties in adolescent OCD. Findings of reduced left frontocortical activation are 
supported by another study in medicated but still symptomatic OCD adolescents 
(Britton et al., 2010). This study examined cognitive flexibility using a set-shifting 
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paradigm and found similar results, showing reduced activation in left IFG that was 
negatively correlated with behavioural shift costs (the reaction time difference between 
mixed versus repeated trials) in OCD adolescents. Britton and colleagues posited that 
this abnormality in fronto-striatal regions could be related to immaturity in attentional 
systems in OCD, as OCD individuals lag in the developmental shift from reliance on 
fronto-parietal systems to fronto-striatal systems for set-shifting (Sohn et al., 2000). 
Another paediatric study investigating visuo-spatial attention during cognitive 
flexibility in OCD relative to ADHD found that adolescent boys with OCD did not 
differ from control participants (except at a trend-level in mPFC) on brain activation 
during set-shifting (Rubia et al., 2010a). However, this study also employed an 
inhibitory control task measuring attention allocation (stop task) and found that boys 
with OCD and boys with ADHD, the cardinal disorder of inattention, exhibited shared 
medial prefrontal underactivation relative to controls during failed inhibition (Rubia et 
al., 2010a). Moreover, an earlier fMRI study of inhibitory control showed temporo-
parietal underactivation in boys with OCD (Woolley et al., 2008). Another investigation 
of task-switching in adults with OCD found that compared to controls, patients had 
widespread reduced activation during switching in bilateral VLPFC, DLPFC, caudate, 
hippocampus and parietal lobe, and in right rostral ACC, OFC and insula and left dorsal 
ACC, which furthermore was up-regulated with pharmacotherapy (although drug 
therapy/doses were not standardised across patients) (Han et al., 2011).  In a study of 
un-medicated adults with OCD during cognitive flexibility, patients had underactivation 
relative to controls in OFC/DLPFC, striatal, thalamic, and temporo-parietal regions, 




3.2.3 Summary of fMRI studies of cognitive control in ASD and OCD 
The ASD literature broadly supports dorsolateral prefronto-striatal and ACC as 
well as parietal lobe reductions in ASD individuals during inhibitory control (Solomon 
et al., 2009, Vaidya et al., 2011, Solomon et al., 2014) and flexible attention (Schmitz et 
al., 2006, Shafritz et al., 2008). On the other hand, OCD studies, primarily in adults, 
support medial DLPFC and orbitofronto-striatal deficits during flexible attention (Sohn 
et al., 2000, Britton et al., 2010, Han et al., 2011).  Moreover, studies in both adults and 
children with ASD (Kana et al., 2007, Shafritz et al., 2008, Solomon et al., 2009) and 
with OCD (Huyser et al., 2011) (Fitzgerald et al., 2005, Nakao et al., 2005, Rubia et al., 
2010a, Rubia et al., 2011) have found abnormalities in the MPFC/ACC, but the 
direction of these abnormalities in clinical groups relative to controls is not consistent, 
possibly due to the effects of performance monitoring that are inherent in some of the 
tasks used to investigate inhibition. However, considering medial prefrontal regions’ 
role in top-down executive control (MacDonald et al., 2000), one could hypothesize that 
both groups may show reduced activation in this region during tasks of cognitive 
control. Moreover, it is possible that ASD individuals may show more abnormalities in 
dorsolateral prefrontal regions (Schmitz et al., 2006, Shafritz et al., 2008, Solomon et 
al., 2009, Vaidya et al., 2011, Solomon et al., 2014), while individuals with OCD may 
show more temporo-parietal underactivation (Woolley et al., 2008, Page et al., 2009, 
Han et al., 2011). However, overall the literature is relatively inconsistent and more 
work is needed, particularly in larger samples, to fully understand the shared and 
disorder-specific mechanisms underpinning cognitive control in each disorder. Thus, 
Chapter 4 of this thesis presents a comprehensive review of whole-brain fMRI studies 
of cognitive control in ASD and OCD, as well as a comparative meta-analysis of 
reported functional activation differences between patients and controls in these studies. 
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3.3 Attention functions 
3.3.1 fMRI studies of attention functions in ASD 
Across all attention domains, it is probable that both bottom-up (i.e. 
environment-driven) and top-down (i.e. goal-driven) influences guide attention at some 
level. Corbetta & Shulman (Corbetta and Shulman, 2002) notably proposed that two 
distinct brain networks underlie the top-down and bottom-up modulation of attention. 
The bilateral dorsal fronto-parietal attention network comprises the frontal eye fields 
(FEF) and intraparietal sulcus (IPS) and is responsible for the voluntary control of 
attention, while a right-lateralised ventral fronto-parietal network comprising ventral 
PFC, anterior insula, middle frontal gyrus (MFG) and temporo-parietal junction (TPJ) is 
responsible for attention re-orienting based on environmental (i.e. bottom-up) 
information (Corbetta and Shulman, 2002, Corbetta et al., 2008). 
During tasks of sustained attention and attention allocation in healthy 
adolescents (Rubia et al., 2009b, Rubia et al., 2009c) and adults (Lawrence et al., 2003), 
participants show activation in ventral and dorsal attention networks encompassing 
dorsolateral and inferior frontal, insular, parietal, occipital, striato-thalamic, and 
cerebellar regions and deactivation in regions of the so-called default mode network, 
comprising MPFC, ACC and posterior cingulate/precuneus. Furthermore, brain regions 
that are important for selective and sustained attention have been shown in three studies 
to be progressively more increased in activation with increasing age in developmental 
studies during attention-based tasks in adolescents and adults (Rubia et al., 2010b, 
Smith et al., 2011, Murphy et al., 2014). The first used a visuo-spatial selective attention 
task and showed that with increasing age, subjects had progressively enhanced 
activation in expected selective attention networks encompassing lateral fronto-striatal 
and temporo-parietal regions (Rubia et al., 2010b), in line with findings of an earlier 
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study of selective visual attention in ASD implicating abnormal parietal activation in 
ASD individuals compared to typically-developing controls (Belmonte and Yurgelun-
Todd, 2003). The second used a CPT measuring sustained attention and similarly found 
that with increasing age, there was enhanced activation in inferior-frontal, temporo-
parietal and cerebellar regions but decreased activation in posterior cingulate and insula 
(Smith et al., 2011). The third used the same psychomotor vigilance task used in this 
PhD and found that within the typically-developing control group, activation in dmPFC, 
bilateral insula and IFG, right striatal and bilateral temporo-parietal regions increased 
with increasing age (Murphy et al., 2014).  
Only two fMRI studies have measured sustained attention in individuals with 
ASD using the psychomotor vigilance task described and used in Chapter 5 of this 
thesis. One study was in adolescents (Christakou et al., 2013b), and the other study 
investigated functional maturation of sustained attention brain networks in a combined 
group of adolescents and adults with ASD (Murphy et al., 2014). These studies found 
that individuals with ASD relative to typically-developing individuals had decreased 
activation in left DLPFC, striato-thalamic and parietal regions but increased activation 
in the cerebellum and precuneus, potentially reflecting poor deactivation of the 
proposed “task-negative” default-mode network (Christakou et al., 2013b). The 
investigation of functional maturation of sustained attention networks in ASD also 
found that typically-developing controls compared to ASD individuals - who did not 
show this pattern - had progressively enhanced activation with age in inferior and 
dorsolateral-prefrontal, striatal, temporal and cerebellar regions, suggesting that 
individuals with ASD may exhibit abnormal patterns of functional maturation within 
these networks from adolescence to adulthood (Murphy et al., 2014). 
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During selective attention, there is evidence for fronto-striatal, parietal and 
cerebellar fMRI abnormalities in adolescents with ASD (Allen and Courchesne, 2003, 
Gomot et al., 2006, Silk et al., 2006), with a study in adults showing similar results 
(Belmonte and Yurgelun-Todd, 2003). However, the subject numbers of these studies 
are quite low (N<10), so results should be interpreted with this caveat in mind. A 
relatively early ROI study comprising just eight individuals with ASD and eight 
matched controls between 14-38 years old on a target detection task showed reduced 
ipsilateral and contralateral cerebellar lobule VI activation in ASD participants relative 
to controls (Allen and Courchesne, 2003). Slightly later, Gomot and colleagues (Gomot 
et al., 2006) investigated a sample of twelve ASD adolescents between 10-15 years of 
age and posited that the phenotype of resistance to change (or, “need for sameness” 
(Kanner, 1943)) that is often observed clinically among individuals with ASD may be 
related to abnormal processing of unexpected stimuli, a function related to change-
detection and attention. This study used an auditory oddball task and measured brain 
activation to the presentation of infrequently occurring stimuli. Consistent with the 
implication of the ACC in typically-developing participants outlined above, children 
with ASD showed reduced activation in this region after any stimulus presentation and 
reduced activation in bilateral temporo-parietal and right middle and inferior frontal 
regions compared to controls during presentation of novel stimuli (Gomot et al., 2006).  
Fan et al. (Fan et al., 2005) proposed that attention can be conceptualised as 
three components: alerting, orienting and executive control, each of which have distinct 
underlying neural circuitry. Sustained attention and the ability to maintain vigilance to a 
specific stimulus fall within ‘alerting’ and are related most closely with the thalamus, 
TPJ, and other parietal regions that have been implicated in ASD (Fan et al., 2005). One 
theory of abnormal attention in ASD relates to the idea that individuals with ASD may 
fail to attend to salient, task-relevant stimuli but may also be easily distracted by subtle, 
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task-irrelevant stimuli (Keehn et al., 2016) and that this paradox as well as the over-
focused selective attention observed clinically in ASD may be due to abnormal 
interactions among brain networks related to orienting and executive control of attention 
in ASD (Fan et al., 2012). This would suggest that perhaps alerting functions are 
relatively unaffected in ASD, but an ROI study testing this hypothesis showed that 
during alerting, ASD individuals had reduced activation relative to typically-developing 
controls in bilateral MFG and left caudate (Fan et al., 2012). Moreover, an ROI study of 
the intrinsic functional connectivity within sustained attention and default mode 
networks in ASD individuals found that there was no difference between ASD 
individuals and typically developing controls in the functional connectivity of the dorsal 
sustained attention network (Kennedy and Courchesne, 2008), although this study was 
conducted in a relatively small sample. 
3.3.2 fMRI studies of attention functions in OCD 
No fMRI studies have investigated sustained attention in OCD. Two studies 
investigated attention allocation in adolescents with OCD using inhibitory control tasks 
measuring the ‘oddball’ effect – that is, the effect the of low-frequency appearance of 
incongruent trials (Rubia et al., 2011). In the first study, although a Go/No-Go task was 
used to examine motor inhibition, ventromedial orbitofronto-striatal underactivation 
was observed in adult patients compared to controls, and the authors posited that this 
could be due to the attentional ‘oddball’ effect of the low frequency of target trials, 
suggesting abnormalities in sustaining attention (Page et al., 2009). Moreover, in this 
same study, temporo-parietal underactivation during a motor Stroop task was related to 
attentional network dysfunction in OCD, as motor versions of the Stroop task used 
place a high demand on visuo-spatial attention mechanisms, in line with previous 
neurocognitive studies of selective attention deficits in OCD (Chamberlain et al., 2005). 
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A later study using a Simon oddball task found that adolescents with OCD had reduced 
activation in right DLPFC compared to controls and adolescents with ADHD during 
‘oddball’ incongruent trials, extending the implication of dorsolateral prefrontal regions 
in higher-level EF to simpler perceptual and attention allocation functions in OCD 
(Rubia et al., 2011).   
3.3.3 Summary of fMRI studies of attention functions in ASD and OCD 
Attention functions have been investigated in both ASD and OCD, although a 
focus in the fMRI literature specifically on sustained attention and vigilance is 
somewhat sparse in these disorders, especially OCD, despite the implication of 
neurocognitive sustained attention deficits in both ASD (Murphy et al., 2014, Chien et 
al., 2015) and OCD (Mataix-Cols et al., 1997, Benzina et al., 2016). There are findings 
of dorsolateral prefronto-striatal and ACC reductions in ASD (Gomot et al., 2006) and 
OCD individuals (Rubia et al., 2011) during sustained attention on e.g. oddball tasks. 
Moreover, temporo-parietal and cerebellar reductions have been implicated in ASD 
(Allen and Courchesne, 2003) during attention, but similar temporo-parietal dysfunction 
has only been observed in OCD as an oddball effect during inhibitory control tasks 
(Page et al., 2009). On the other hand, the two OCD studies, both in adolescents, 
support DLPFC and orbitofronto-striatal deficits during attention allocation (Page et al., 
2009, Rubia et al., 2011). Taken together, these results suggest that characteristics of 
dorsolateral and inferior fronto-striatal network abnormalities during a range of 
attention functions may be seen in both ASD and OCD, but that cerebellar and default-
mode attention network dysfunction may be more closely related to ASD, while 
ventrolateral and orbitofronto-striatal network abnormalities may be more specifically 
related to OCD. However, in the face of neurocognitive deficits in attention in both 
ASD and OCD, there is a relative lack of fMRI investigations of attention functions, 
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particularly in OCD, as well as heterogeneity in tasks tapping different but related 
aspects of attention. More work is warranted to parse apart the specific shared or 
disorder-specific neural correlates underlying sustained attention. An understanding of 
the shared and disorder-specific neural correlates of sustained attention is important for 
comparing and delineating the underlying mechanisms of attention in these disorders, 
but no studies have yet made this comparison. For these reasons this PhD compared the 
neurofunctional activation in ASD and OCD during a task of sustained attention; 
Chapter 5 of this thesis presents an fMRI comparison of boys with ASD and boys with 
OCD on a psychomotor vigilance task of sustained attention.   
3.4 Reward-related decision-making 
3.4.1 fMRI studies of temporal discounting and related functions in ASD 
It is important to first note that that while ‘reward processing’ can be broadly 
investigated as a neurocognitive construct, there are vast differences in tasks tapping 
different aspects of reward processing, and other processes such as attention, learning 
and WM may be also be involved across these tasks. There are few fMRI studies in both 
ASD and OCD, and even fewer in children, that have used the same tasks described in 
later chapters of this PhD to specifically investigate the same neurocognitive aspects of 
reward processing (e.g. TD and gambling tasks). Therefore, conclusions regarding the 
neural correlates of these processes based on the existing literature should be made with 
much caution, as heterogeneity is likely due to differences in tasks and the specific 
aspects of reward processing they are investigating.  
However, keeping this caveat in mind, fMRI studies of TD in healthy adults and 
children implicate ventromedial and orbitofrontal fronto-limbic networks important for 
reward-based decision-making, and dorsolateral and inferior-fronto-insular-striato-
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parietal networks implicated in temporal foresight (Christakou et al., 2011, Peters and 
Büchel, 2011, Chantiluke et al., 2014b, Wesley and Bickel, 2014). More specifically, an 
Activation Likelihood Estimation (ALE) meta-analysis of 18 fMRI studies of TD in 
healthy children and adults found that TD tasks reliably activated the striatum, insula, 
anterior and posterior cingulate, and fronto-cortical regions including lateral PFC and 
IFG (Wesley and Bickel, 2014).  
Despite some behavioural studies showing that ASD individuals discount 
rewards at similar rates to their typically-developing peers during TD (Antrop et al., 
2006, Demurie et al., 2012, Chantiluke et al., 2014b), ventromedial and fronto-limbic 
neural circuitry critically important for successful TD (Peters and Büchel, 2011) has 
been shown to be abnormal during related reward anticipation tasks such as monetary 
incentive delay (Knutson et al., 2001) and rewarded Go/No-go tasks measuring 
impulsivity in ASD (Dichter et al., 2012c, Kohls et al., 2013). There has been only one 
fMRI study investigating the neural correlates of TD in adolescents with ASD 
(Chantiluke et al., 2014b). This study investigated neural activity in adolescents with 
ASD with and without co-morbid ADHD and found that, in addition to worse (steeper) 
overall TD performance in the non-comorbid ASD group, better (less-steep) TD was 
associated with activation during delayed choices in left inferior parietal lobe (IPL) 
reaching into pre- and post-central gyri and in right cerebellum, suggesting a disorder-
specific phenotype of TD that does not overlap with ADHD. Moreover, in between-
group comparisons investigating relationships between brain activation and TD 
performance, ASD adolescents had weaker brain-behaviour correlations in bilateral 
superior temporal lobes (STL) and right insula/IFC but stronger correlations in left IPL 
relative to typically-developing controls (Chantiluke et al., 2014b). Abnormalities in 
these regions important for TD could suggest problems with forward planning in ASD, 
which has been evidenced behaviourally in other studies (Hill, 2004). 
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Other fMRI studies have investigated reward processing involving monetary 
incentives in ASD. One validated construct within which to investigate anticipation of 
immediate reward and/or punishment is the monetary incentive delay task, known to 
reliably activate fronto-striato-thalamic reward circuitry (Knutson et al., 2001). Dichter 
and colleagues (Dichter et al., 2012c) investigated adult males with ASD during a 
monetary incentive delay task and found that ASD individuals had reduced activation in 
BG regions including left nucleus accumbens (NAcc) and right putamen as well as 
frontal regions including ACC and left insula during reward anticipation relative to 
typically-developing participants. During monetary outcomes, ASD participants had 
reduced activation relative to control participants in left NAcc, right frontal pole and 
right insula, but interestingly did not show abnormal activation relative to controls in 
VMPFC regions typically implicated in reward and TD-related circuitry (Peters and 
Büchel, 2011). However, the task used in this study distinguished between monetary 
and object-based rewards and showed that ASD individuals’ brain activation during 
anticipation did not differ between reward types compared to controls but during 
anticipation, ASD individuals had higher VMPFC activation to object rather than 
monetary rewards (Dichter et al., 2012c), suggesting a possible insensitivity specifically 
to monetary rewards, supported by the findings of (Demurie et al., 2012) which showed 
no behavioural differences between ASD individuals and controls during monetary 
reward processing. Another study investigating reward-related activity to social and 
non-social (monetary) rewards during a rewarded go/no-go task in adolescent boys with 
ASD showed that ASD boys had underactivation relative to control boys during 
rewarded conditions in reward-related meso-cortico-limbic regions including thalamus, 
amygdala, striatum, Nacc, and ACC in whole-brain analyses (Kohls et al., 2013), in line 
with (Dichter et al., 2012c). Moreover, ROI analyses revealed that ACC and amygdala 
were hypoactivated to both monetary and social rewards. In line with this, a study in 
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adults with ASD found that ASD participants had decreased bilateral NAcc activation 
during presentation of social rewards, but not monetary rewards, compared to controls 
and that this abnormality was shared with social anxiety patients (Richey et al., 2012). 
However, this is in contrast to a previous study showing reduced VS activation to social 
(but not non-social) rewards in boys with ASD (Scott-Van Zeeland et al., 2010b). It has 
been suggested that the NAcc plays a role in incentive motivation, salience and feelings 
of ‘wanting’ (Peciña, 2008), thus suggesting aberrant reward salience processing in this 
region in individuals with ASD, although the specificity of this abnormality with regard 
to salience of different reward types remains to be clarified.  
Interestingly, in a study examining brain activation of ASD children during 
presentation of food-based rewards, ASD individuals showed increased response in 
bilateral insula and ACC relative to their typically-developing peers (Cascio et al., 
2012b), alternatively suggesting that neural response to primary reward is not 
diminished but rather is enhanced in children with ASD. Functional subdivisions in the 
insula can be investigated along a posterior-anterior gradient of interoceptive awareness, 
where posterior regions respond to a stimulus’s objective features, whereas anterior 
regions respond to subjective assessment of these features and their emotional 
significance (Craig, 2009). Thus, somewhat in contrast to the findings of (Kohls et al., 
2013), these results could suggest that individuals with ASD may attribute higher 
emotional value to rewards compared to typically-developing participants, in line with 
the insula’s role in interoception (Craig, 2003).  
In line with findings from Casio and colleagues (Cascio et al., 2012b), Schmitz 
et al. found that during a rewarded version of the CPT, men with ASD had enhanced 
activation in left ACC compared to control participants in a small (N=10) sample 
(Schmitz et al., 2008). Moreover, this activation was negatively correlated with social 
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interaction scores as assessed by the ADI. The authors posited that this finding could be 
indicative of an increased need for feedback-related performance monitoring in ASD or 
enhanced attention to rewarded stimuli (Schmitz et al., 2008). 
Planning is an EF construct that is also implicated in temporal foresight. The 
only two studies to investigate the neural correlates of planning in ASD adults used the 
Tower of London task and found decreased activation in frontal regions including 
middle, superior and inferior frontal cortex and IPL but increased activation in limbic 
regions including right hippocampus and thalamus, and in left lingual gyrus, with 
pronounced fronto-parietal under-connectivity compared to controls during planning in 
individuals with high-functioning ASD (Just et al., 2007, Just et al., 2012).   
3.4.2 fMRI studies of gambling and reward learning in ASD 
No fMRI studies have investigated gambling or used the IGT in ASD 
populations. However, there have been studies investigating reward-based 
reinforcement and implicit learning in autism, functions that are closely linked to 
abilities on the IGT. In a reversal-learning task (a reward-based learning task requiring 
reinforcement learning and flexible choice behaviour), adolescents with ASD had 
decreased medial prefrontal and precuneus activation relative to typically-developing 
children (Chantiluke et al., 2015a). Moreover, a later study in adults with ASD supports 
and extends these findings; during reversal learning, adults with ASD showed reduced 
brain activation specifically when outcomes were uncertain in cognitive decision-
making regions including frontal motor planning systems (e.g. left DLPFC, premotor 
cortex), cognitive subdivisions of the ACC, and the parietal cortex and in areas 
supporting reinforcement learning, including the ventral striatum, thalamus, and the 
affective subdivision of the ACC (D'Cruz et al., 2016). These findings suggest that 
abnormal dorsolateral and medial prefrontal activation in ASD individuals may not 
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simply be altered when reward-based choice shifts are required, but that these 
abnormalities occur when learned choices must be inhibited and the outcomes of new 
choices are uncertain. 
Collectively, these results suggest that ASD individuals exhibit abnormalities in 
medial prefronto-striato-thalamic and fronto-parietal regions important for reward 
processing, decision-making and reinforcement learning, and that aberrant interactions 
in these networks may contribute to difficulties in flexible choice responses. This 
evidence is in line with behavioural rigidity that is observed clinically in ASD but is 
somewhat in contrast to findings in behavioural studies using the IGT which show that 
ASD individuals tend to be less consistent in their choices (Johnson et al., 2006, 
Yechiam et al., 2010) or even perform better compared to controls during gambling 
tasks (South et al., 2014). Further research is needed to probe the neural correlates of 
reinforcement learning in ASD to fully disentangle these brain-behaviour relationships, 
but one could hypothesise that ASD individuals would show abnormal activation in 
similar MPFC-striato-thalamic and fronto-parietal brain regions during the IGT.  
3.4.3 fMRI studies of temporal discounting and related functions in OCD 
Impaired reward processing has been suggested to be a key neurocognitive 
deficit in OCD (Salkovskis, 1985, Graybiel, 2000, Cavedini et al., 2006). This 
hypothesis is based on initial evidence that orbitofronto-striato-thalamo-orbitofrontal 
loops important in reward perception and decision-making are implicated in the 
pathophysiology of OCD (Cavedini et al., 2006, Menzies et al., 2008). More recent 
theories suggest that OCD-related cognitive impairments may be a result of disruptions 
in the balance between goal-directed and habit-based learning systems important for 
reward-based decision-making (Gillan et al., 2011, Gillan and Robbins, 2014). Evidence 
from neuroimaging studies theoretically supports this, given that functional 
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neurocircuitry implicated in reward-processing overlaps to a large degree with regions 
that are commonly linked to the pathophysiology of OCD, including ventromedial and 
orbitofrontal cortical regions, and the BG, thalamus and ACC, as well as DLPFC 
(Saxena and Rauch, 2000, Kwon et al., 2009) (and as reviewed in Chapter 4). As 
mentioned previously, the VS, specifically the NAcc, is particularly important for 
reward-related functions (Haber and Knutson, 2010), and abnormal function in this 
region has been implicated in OCD in a meta-analysis of 13 PET and SPECT studies 
showing consistent differences in radiotracer uptake in the ventral striatum of adult 
OCD patients (Whiteside et al., 2004). Despite broad evidence for neurofunctional 
abnormalities in reward circuitry of individuals with OCD, no previous fMRI studies 
have specifically investigated the neural correlates of TD in OCD. There have, however, 
been a number of fMRI studies investigating reward and incentive processing in OCD, 
albeit mostly in adult samples. The first fMRI study to investigate reward circuitry 
function in adults with OCD used the monetary incentive delay task (Knutson et al., 
2001) and found that during reward anticipation, OCD patients had reduced activation 
in NAcc, but that brain activation did not differ between patients and controls during 
reward receipt (Figee et al., 2011). However, two other studies (which had overlapping 
samples of participants) using versions of this task in adults with OCD found that brain 
activation of patients did not differ from that of control participants during reward 
anticipation (Jung et al., 2011, Choi et al., 2012). Jung and colleagues further showed 
that OCD patients relative to controls had increased activation in fronto-striatal regions 
including putamen, pre-central gyrus, posterior insula and ACC as well as cerebellum 
only during reward receipt, and that enhanced VS activation in patients versus controls 
was evident only during loss-avoidance conditions (no loss vs. loss contrast) which was 
furthermore correlated with severity of compulsions (Jung et al., 2011). More recently, 
Kaufmann et al. (Kaufmann et al., 2013) found that adults with OCD had reduced 
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superior and medial prefrontal activation during reward anticipation but enhanced 
activation in this region during loss-avoidance relative to controls, presenting further 
evidence in line with (Jung et al., 2011) for fronto-striatal abnormalities driving loss-
aversion styles of reward-processing in OCD. It is possible that these differences in 
findings are related at least in part to sample heterogeneity, as many of the patients were 
on medication or had comorbid psychiatric conditions, and duration of illness also 
differed between studies.  
The Tower of London task is commonly used to investigate disturbances in the 
fronto-striatal circuitry involved in planning processes implicated in TD (van den 
Heuvel et al., 2003). Three fMRI studies have used this task to study planning in adults 
(van den Heuvel et al., 2005b, van den Heuvel et al., 2011) and adolescents (Huyser et 
al., 2010) with OCD. The earliest of these studies found that in addition to significant 
behavioural impairments in planning, medication-free adults with OCD had reduced 
activation relative to controls in DLPFC and caudate nucleus (van den Heuvel et al., 
2005b). A later study from the same group compared these OCD patients to patients 
with panic disorder and hypochondriasis and found that all patient groups (OCD 
patients as well as patients with related disorders including panic disorder and 
hypochondriasis) had decreased activation in precuneus, caudate nucleus, globus 
pallidus and thalamus compared to control participants, in line with the earlier 2005 
study but suggestive of a possible shared phenotype across different but related clinical 
populations. A study using a parametric version of this planning task in medication-free 
adolescents with OCD (many of whom had a comorbid anxiety disorder) supports 
prefrontal deficits, as this study found that adolescent patients relative to controls had 
decreased activation in left posterior DLPFC/premotor cortex and right parietal lobe 
(Huyser et al., 2010). Moreover, with increasing task difficulty, OCD adolescents 
activated additional frontal brain regions including dorsomedial PFC (dmPFC), dorsal 
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ACC and insula. These findings support neurobiological models of OCD outlined by 
reduced activation in dorsal-frontal-parietal-striatal cognitive networks and 
hyperactivity in medial prefrontal limbic affective circuitry (Menzies et al., 2008). 
3.4.4 fMRI studies of gambling and reward learning in OCD 
While no fMRI studies have investigated the neural correlates of the IGT or 
gambling behaviour in OCD, a number of studies have examined reward-based learning 
and cognitive flexibility in OCD. Reduced activation in dorso- and ventrolateral and 
orbitofrontal PFC and ACC as well as the parietal cortex during reversal learning in 
OCD patients relative to controls has been shown in a number of adult studies 
(Remijnse et al., 2006, Chamberlain et al., 2008, Gu et al., 2008). Reduced lateral PFC 
and OFC activation has also been observed in unaffected relatives of individuals with 
OCD (Chamberlain et al., 2008), suggesting that this pattern of activation during reward 
learning may be a candidate endophenotype of the disorder. In another study, 
underactivation in these regions in OCD was related to worse performance on tasks 
requiring cognitive flexibility (Remijnse et al., 2009). Moreover, the task used by 
Remijnse and colleagues (Remijnse et al., 2006) in unmedicated adults with OCD found 
that upon reward (but not punishment) receipt, patients showed decreased activation 
compared to controls in right medial and lateral OFC and right caudate. 
One study examined learning processes in twelve adolescents with OCD using 
fMRI (Lázaro et al., 2008). This study used an implicit learning serial reaction time task 
where subjects were required to learn motor responses to complex and simple 
sequences. The task is designed to tap cortico-striatal regions (Rauch et al., 1997b), and 
this study found that OCD adolescents had hyperactivation in bilateral middle frontal 
gyrus, possibly as a compensatory mechanism for striatal dysfunction that, although not 
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observed in this study, is commonly seen in OCD during implicit learning (Rauch et al., 
2000).  
Taken together, these results suggest that diminished activation in paralimbic 
and dorsolateral, ventromedial and ACC frontal-executive brain regions in OCD may be 
related to impairments in both emotional and cognitive aspects of reward-based 
decision-making in the disorder (Rauch et al., 2000, Remijnse et al., 2006). In healthy 
individuals, OFC and VMPFC activation has been linked to reward-related aspects of 
behavioural control (Breiter et al., 2001). Thus, abnormalities in these regions could 
hypothetically relate to clinical symptoms of the obsessive-compulsive cycle in OCD, 
as it has been suggested that OCD patients feel insufficient reward from performing 
compulsions (Fineberg et al., 2009), although this theory has not been formally tested.  
3.4.5 Summary of fMRI studies of reward-related decision-making in ASD and 
OCD 
While there is not yet a general consensus among findings in the neuroimaging 
literature of specific profiles of activation in ASD and OCD, one can draw broad 
conclusions regarding the brain regions involved in aberrant reward processing and 
decision-making in both disorders. In line with the involvement of ventromedial, fronto-
limbic and fronto-striatal regions in reward processing and decision-making in healthy 
populations (Peters and Büchel, 2011), it has been shown that both ASD (Dichter et al., 
2012c, Kohls et al., 2013, Chantiluke et al., 2015a) and OCD (Jung et al., 2011, Choi et 
al., 2012) exhibit abnormalities in these circuitries. However, there have also been 
studies that did not find abnormal ventromedial prefrontal activation in individuals with 
ASD or OCD relative to control participants, possibly due to study sample 
heterogeneity (Demurie et al., 2012, Dichter et al., 2012c).  
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Some findings have emerged suggesting abnormalities that may be specific to 
ASD. For example, abnormalities in cerebellar regions have been implicated during 
reward-based decision-making and TD in ASD adolescents (Chantiluke et al., 2014b), 
but there is little evidence to support cerebellar involvement in decision-making 
abnormalities in OCD. Parietal regions may also be abnormal during reward learning in 
ASD (Chantiluke et al., 2014b, D'Cruz et al., 2016), a finding which has not 
consistently been reported in the OCD literature. Moreover, studies have suggested that 
ASD individuals may be more sensitive to non-social rewards, and this may be a factor 
in studies that do not find differences between ASD individuals and controls during 
reward processing (Demurie et al., 2012, Dichter et al., 2012c), while OCD individuals 
may be less sensitive to specificity of reward types, although no studies have 
specifically investigated this in OCD. Thus, it can be hypothesised that compared to 
OCD patients, ASD individuals may have more pronounced abnormalities in cerebellar, 
striatal and parietal regions but that OCD patients may have specific abnormalities in 
OFC regions during reward-based decision-making. However, no studies have formally 
tested this comparison. The aim of this PhD was therefore to test this hypothesis by 
comparing the two disorders on tasks of gambling and TD. Thus, Chapter 6 of this 
thesis investigates shared and disorder-specific functional brain abnormalities during 
TD, and Chapter 7 tests this comparison during the IGT in boys with ASD and with 
OCD compared to typically-developing control boys.  
3.5 Other cognitive domains  
3.5.1 ASD 
Working memory impairments have been found in neurocognitive studies of 
ASD across all ages (Koshino et al., 2005, Williams et al., 2005, Steele et al., 2007, 
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Geurts and Vissers, 2012, Fried et al., 2016). fMRI studies have also investigated the 
neural correlates of WM in adolescents with ASD (Silk et al., 2006, Chantiluke et al., 
2014a, Vogan et al., 2014, Rahko et al., 2016). Broadly, prefrontal, premotor, dorsal 
ACC, striatal and posterior parietal activation has been associated with WM in healthy 
populations (Owen et al., 2005), and studies of WM in ASD on a range of WM tasks 
have generally found impairments in these regions in both children and adults with ASD 
(Luna et al., 2002, Koshino et al., 2005, Silk et al., 2006, Chantiluke et al., 2014a, 
Rahko et al., 2016). Thus, keeping in mind caveats that many of these studies are based 
on ROI analysis and small sample sizes, it can be concluded that adolescents with ASD 
have been shown to have decreased activation in right fronto-striatal regions during 
spatial WM (Silk et al., 2006) and N-back tasks (Chantiluke et al., 2014a). Adults with 
ASD have also been shown to have decreased activation during verbal WM in 
predominantly left-hemispheric regions including left inferior/middle frontal cortex, IPL 
and bilateral DLPFC, but increased activation in right-hemispheric areas including right 
superior/inferior frontal cortex and right superior/inferior parietal lobe (Luna et al., 
2002, Koshino et al., 2005).   
As stated in Chapter 1, children with ASD have difficulties with mentalising, 
ToM, mental state attribution and social interactions. There has been much fMRI 
research investigating the neural correlates of socio-emotional processing and ToM in 
ASD. Studies investigating irony comprehension using vocal and facial expressions 
have found decreased activation in areas typically associated with ToM, including 
medial prefrontal cortex (mPFC) (Gallagher and Frith, 2003, Völlm et al., 2006). On 
these tasks, increased activation in ASD individuals compared to controls has also been 
observed in bilateral temporal regions and right IFC in whole-brain and ROI studies 
(Wang et al., 2006, Wang et al., 2007). Moreover, investigations of ToM and 
mentalising difficulties in children with ASD have largely found similar reductions in 
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regions typically associated with the “social brain” network (Blakemore, 2008), 
including IFG, TPJ, mPFC and temporal poles (Castelli et al., 2002, Mason et al., 2008, 
Lombardo et al., 2011, Holt et al., 2014, Jack and Morris, 2014, Kana et al., 2014, 
O'Nions et al., 2014). Moreover, many (but not all) studies of face processing in ASD 
implicate hypoactivation in similar regions, as well as the fusiform gyrus and amygdala, 
as reviewed in (Dichter, 2012). This collective evidence provides support that children 
with ASD have neurofunctional abnormalities in the brain networks associated with 
ToM (Gallagher and Frith, 2003, Blakemore, 2008).  
In line with the “weak central coherence” neuropsychological theory in ASD 
(Happé, 1997), whole-brain (Manjaly et al., 2007, Spencer et al., 2012b) and ROI (Lee 
et al., 2007, Spencer et al., 2012a) fMRI studies using the embedded figures task (Shah 
and Frith, 1983) to investigate central coherence in adolescents with ASD have found 
reduced deactivation of the default mode network, as well as reduced activation in 
regions associated with central coherence, including dorsal premotor cortex, right 
superior parietal lobe, and left occipital lobe (Lee et al., 2007, Manjaly et al., 2007, 
Spencer et al., 2012a, Spencer et al., 2012b). In adults, reduced activation in parietal 
regions and right DLPFC as well as increased right occipital and inferior temporal 
activation was also found in an early study (Ring et al., 1999). Interestingly, one whole-
brain study in adolescents found increased activation in ASD participants compared to 
controls in left middle temporal gyrus, bilateral superior temporal sulcus, left IFG, and 
right inferior temporal gyrus (Spencer et al., 2012b). Given this discrepancy, it should 
be noted that task and control conditions vary widely among studies in ASD using the 




fMRI studies have investigated the neural correlates of working memory in 
adults with OCD (van der Wee et al., 2003, Shin et al., 2006, van der Wee et al., 2007, 
Henseler et al., 2008, Nakao et al., 2009a, Koch et al., 2012, de Vries et al., 2014, 
Diwadkar et al., 2015), but none have done so in children or adolescents. While some of 
these studies provide evidence for neuropsychological impairments on WM tasks (van 
der Wee et al., 2003, Shin et al., 2006), others do not (Henseler et al., 2008, Nakao et 
al., 2009a, Koch et al., 2012), with visuo-spatial memory impairments more consistently 
reported in OCD compared to verbal memory (Kuelz et al., 2004). Both increased and 
decreased WM-related activation of the ACC (van der Wee et al., 2003, Shin et al., 
2006, Koch et al., 2012) and DLPFC (Shin et al., 2006, Nakao et al., 2009a, de Vries et 
al., 2014) has been observed in OCD, particularly under high cognitive demands. 
Moreover, hyperactivity in premotor cortex and IFG has also been reported (Henseler et 
al., 2008, Koch et al., 2012). However, neurofunctional correlates of WM may change 
with age, so it is important to investigate these processes in younger populations with 
OCD, particularly given the relevance of WM to other reward-based functions that have 
been shown to be dysfunctional in adolescents with OCD (Menzies et al., 2008).  
Given that a core feature of OCD is that patients spend a significant portion of 
their time engaging in rituals and compulsions, it is important to understand the 
neurobiological basis of symptom provocation. The earliest fMRI study investigating 
symptom provocation in OCD used an ROI approach and had a very small number of 
participants but showed that adults with OCD had activation in medial orbitofrontal, 
lateral frontal, anterior cingulate, anterior temporal and insular cortices, as well as 
subcortical striato-limbic regions including caudate and amygdala (Breiter et al., 1996) 
during symptom provocation. It is critical to note that this study did not directly 
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compare OCD individuals to control subjects. Nonetheless, this study provided the first 
evidence of possible hyperactivity in medial and lateral fronto-striatal circuitry during 
symptom provocation. Indeed, ROI case-control comparisons have subsequently shown 
similar hyperactivation in adults with OCD during symptom provocation (Simon et al., 
2010, Simon et al., 2014), extending earlier meta-analysis findings combining 8 fMRI 
and PET studies which showed significant activation likelihood in orbitofrontal and 
ACC loops and a left dorsal fronto-parietal network, including DLPFC, precuneus, and 
left superior temporal gyrus (Rotge and Tignol, 2008). This hyperactivation was also 
supported in a review (Nakao et al., 2014), but Nakao and colleagues importantly 
highlight the possibility that this activation may differ among different symptom 
dimensions in OCD, as previously demonstrated by (Mataix-Cols et al., 2004). 
Interestingly, the results of the only fMRI study to investigate symptom provocation in 
paediatric OCD are in contrast with the above evidence of hyperactivation. This ROI 
study (Gilbert et al., 2009) looked at both contamination-based and symmetry-based 
symptoms and showed reduced activation in children with OCD compared to controls in 
right insula, putamen, thalamus, DLPFC, and left OFC as well as right thalamus and 
insula, suggesting potential developmental effects on the neural systems underlying 
symptom dimensions in OCD.  
3.6 Overall summary and conclusions  
This chapter has reviewed the neurofunctional abnormalities that have been 
observed in adolescents, as well as adults, with ASD and those with OCD during tasks 
of inhibition, cognitive control, sustained and selective attention, as well as reward 
processing and reward-based decision-making, including tasks of TD, gambling, 
planning and reward learning. Because of study limitations such as heterogeneous 
samples, small sample numbers, variation in medication status of patients, ROI versus 
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whole-brain approaches, and differences in tasks used to investigate these varied 
processes, as well as a general dearth of child/adolescent fMRI studies in these areas, it 
is somewhat difficult to produce a consolidated hypothesis regarding neurofunctional 
differences and similarities between ASD and OCD. Small sample sizes yield less 
statistical power to detect between-group differences, particularly in behavioural tasks 
but also in neurofunctional activation (Thirion et al., 2007), and psychiatric 
comorbidities such as anxiety in OCD (Mataix-Cols et al., 2005) and ASD (White et al., 
2009) can limit disorder-specific interpretations of findings. Moreover, psychiatric 
medication such as SSRIs have neurofunctional effects that may confound fMRI results 
(Murphy, 2010). Lastly, there is substantial evidence of sexual dimorphism in brain 
development (Sowell et al., 1999, Giedd and Rapoport, 2010), so single-sex matched 
groups should be investigated to elucidate any sex-specific effects. This is particularly 
relevant to ASD, as there is evidence to suggest that clinical, cognitive and 
neurobiological correlates of ASD greatly differs between males and females (Baron-
Cohen, 2002, Baron-Cohen et al., 2011, Dworzynski et al., 2012). 
However, keeping these caveats in mind, it is possible to draw general 
conclusions and formulate hypotheses regarding the neurofunctional mechanisms 
underlying attention and reward-based decision-making in ASD and OCD and the 
features that may be shared or disorder-specific.  
Although findings among the fMRI literature in ASD are still relatively 
inconsistent, some conclusions can be drawn from reviews of the paediatric literature 
(e.g. (Dichter, 2012)) regarding a) abnormal fronto-striatal activation in DLPFC and BG 
during cognitive control, possibly relating to attention problems and the maintenance of 
RRBIs, b) hypoactivation in “social brain” regions including TPJ, IPS, amygdala and 
IFG during tasks of affective salience and social relevance, and c) abnormal lateral, 
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medial and inferior prefrontal, as well as mesolimbic (e.g. VS, amygdala) activation to 
rewards. Moreover, the fMRI literature supports cerebellar and temporo-parietal 
involvement in attention functions that may be more specifically related to inattention in 
ASD compared to OCD (Allen and Courchesne, 2003, Schmitz et al., 2006, Shafritz et 
al., 2008), although limited evidence for temporo-parietal dysfunction during attention 
tasks has also been observed during cool EF and attention functions in OCD 
(Chamberlain et al., 2005, Page et al., 2009). Thus, a comparison on brain function 
during cool EF and attention tasks is necessary to clarify the degree to which these 
abnormalities are shared or disorder-specific in ASD and OCD.  
While several models have been proposed which implicate hyperactivity within 
orbitofronto-striato-thalamo-cortical networks in OCD (Saxena et al., 1998b, Baxter, 
1999, Aouizerate et al., 2004, Kuelz et al., 2004, Menzies et al., 2008), particularly 
during symptom provocation (Rotge and Tignol, 2008, Nakao et al., 2014), recent 
reviews have called these models into question, providing evidence of hypoactivation in 
similar networks during cool EF (e.g. inhibitory control (Norman et al., 2016)). 
Furthermore the involvement of dorsolateral prefrontal and ACC regions as well as 
regions outside these CTSC networks such as the parietal cortex and amygdala may be 
implicated in OCD in structure as well as during EF tasks of planning, working 
memory, decision-making and inhibitory control (Maltby et al., 2005, van den Heuvel et 
al., 2005b, Menzies et al., 2008, Szeszko et al., 2008, Nakao et al., 2014). Moreover, 
there may be developmental effects on brain function, with some studies suggesting that 
abnormalities in OFC and caudate nucleus are more closely associated with adult OCD, 
while putamen and globus pallidus as well as thalamus abnormalities may be more 
distinctly implicated in paediatric OCD in both structure and function (Ornstein et al., 
2010, Brem et al., 2012, deWit et al., 2014). 
95 
 
These inconsistencies suggest that these models are not sufficient for wholly 
explaining neurocognitive deficits observed across OCD. This thesis proposes that 
comparing brain function and structure in OCD with other disorders such as ASD which 
commonly exhibit shared neurocognitive deficits is key in understanding shared and 
disorder-specific features in each disorder and is a critical next step for improving 
models of neuropsychiatric abnormalities.  
EF, including cognitive control and decision-making, has been closely 
associated with dorsolateral and ACC loops in healthy populations during error 
monitoring and the allocation of cognitive control resources during decision-making 
(Miller and Cohen, 2001). Moreover, parietal regions seem to be important for attention 
functions, implicated in the switching of attention focus (Corbetta and Shulman, 2002). 
Given that children with ASD (Dichter, 2012) and OCD (Menzies et al., 2008) have 
been shown to have abnormal function in these regions during a range of hot and cool 
EF, this could suggest a possible shared neurofunctional mechanism underlying 
attention and decision-making behaviour in each disorder, providing evidence of 
overlap in both impulsive and compulsive phenotypes in each disorder. However, vast 
inconsistencies exist in the literature, very few studies in paediatric populations have 
been conducted, and no studies have compared ASD and OCD directly on measures of 
EF, whether behavioural or neurofunctional. This work is critically needed to elucidate 
shared and disorder-specific aspects underlying symptoms.  
This PhD focuses on neurocognitive constructs that have been shown to be 
abnormal in both ASD and OCD individuals: (i) cognitive and inhibitory control, (ii) 
sustained attention, (iii) temporal foresight, and (iv) gambling. There is evidence in 
ASD that the neural correlates of impairments in both cool and hot EF are abnormal 
compared to typically-developing individuals. In OCD, there is similarly evidence of 
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neurocognitive impairments compared to control subjects, but less is known about 
consistent neural underpinnings of these deficits, particularly in adolescents. This thesis 
first provides a review and meta-analysis of whole-brain fMRI studies of cognitive 
control and structural (VBM) neuroimaging across paediatric and adult studies of 
individuals with ASD or OCD (Chapter 4). Based on existing literature within each 
disorder, I hypothesised that OCD patients would show structural and functional 
dysregulation within medial prefrontal CSTC networks, specifically decreased ACC, 
OFC and mPFC but increased BG volumes and activation (Radua et al., 2010, van 
Velzen et al., 2014), while individuals with ASD would show reductions in lateral 
fronto-striato-limbic volume and activation (Via et al., 2011, DeRamus and Kana, 
2015). 
The following experimental chapters present data from fMRI studies where 
adolescent boys with ASD, with OCD, and typically-developing control boys completed 
computerised cognitive tasks in the scanner measuring sustained attention (Chapter 5), 
temporal discounting (Chapter 6), and gambling (Chapter 7). Behavioural and 
neurofunctional similarities and differences were compared between ASD and OCD, 
with the aim of elucidating the neurobiological basis of overlapping and disorder-
specific cognitive deficits. Given prior evidence from fMRI studies during attention 
tasks, I hypothesised that during sustained attention, both ASD and OCD would exhibit 
dorsolateral and inferior fronto-striatal as well as fronto-parietal abnormalities, but that 
cerebellar and default-mode attention network dysfunctions would be more closely 
related to ASD, while orbitofrontal-striatal network abnormalities would be more 
specifically related to OCD (Sohn et al., 2000, Gomot et al., 2006, Schmitz et al., 2006, 
Shafritz et al., 2008, Page et al., 2009, Britton et al., 2010, Han et al., 2011, Rubia et al., 
2011). Based on evidence of disorder-specific abnormalities during TD in ASD boys 
(Chantiluke et al., 2014b), I hypothesised similar disorder-specific impairments relative 
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to OCD during TD. Moreover, I hypothesised that both patient groups would show 
underactivation in ventromedial prefrontal, limbic and striatal regions implicated in TD 
and reward-based decision-making (Fineberg et al., 2009, Chantiluke et al., 2015a, 
Grassi et al., 2015, Chen et al., 2016), but that dorsolateral prefrontal dysfunction would 
be specific to OCD boys (Menzies et al., 2008, Norman et al., 2016), while insular and 
temporo-parietal dysfunction would be related to ASD (Di Martino et al., 2009, 
Chantiluke et al., 2014b). Finally, during the IGT, I hypothesised that ASD individuals 
would uniquely show less choice consistency based on prior evidence of similar 
behavioural impairments (Johnson et al., 2006, Yechiam et al., 2010, Mussey et al., 
2015). Moreover, given that both disorders have shown neurofunctional deficits during 
reward processing and reward-based decision making in ventromedial-fronto-temporo-
limbic and orbitofronto-striatal reward systems, I hypothesised that boys with ASD and 
with OCD would show reductions in these regions during the IGT, but that orbitofrontal 
deficits would be more pronounced in OCD while ventral striatal and anterior cingulate 
deficits would be more pronounced in ASD (Menzies et al., 2008, Kohls et al., 2013), 
suggesting shared and disorder-specific trans-diagnostic mechanisms for hot EF 
impairments. Understanding the overlapping and disorder-specific neural mechanisms 
underlying these neurocognitive deficits in both disorders is a critical step towards 
understanding how these disorders differ at the neurobiological level, as well as 




CHAPTER 4 - COMPARATIVE MULTIMODAL META-
ANALYSIS OF STRUCTURAL AND FUNCTIONAL 
BRAIN ABNORMALITIES IN AUTISM SPECTRUM 
DISORDER AND OBSESSIVE-COMPULSIVE DISORDER 
This chapter is presented as the final accepted manuscript version of the published peer-
reviewed journal article: 
Carlisi, CO, Norman, LJ, Lukito, SS, Radua, J, Mataix-Cols, D, Rubia, K. Comparative 
Multimodal Meta-analysis of Structural and Functional Brain Abnormalities in Autism 
Spectrum Disorder and Obsessive-Compulsive Disorder (2016). Biological Psychiatry, 
82(2): 83-102.   
DOI: http://dx.doi.org/10.1016/j.biopsych.2016.10.006 
4.1 Introduction 
Autism spectrum disorder (ASD) is a predominantly male neurodevelopmental 
disorder characterised by difficulties in reciprocal social-communication and 
stereotyped repetitive behaviours (American Psychiatric Association, 2013) with a 
prevalence of 0.6-1% (Baird et al., 2006).  
Obsessive-compulsive disorder (OCD) is characterized by recurrent intrusive 
and distressing thoughts (obsessions) and repetitive mental and behavioural rituals 
(compulsions) (American Psychiatric Association, 2013), affecting 1-3% of the 
population, with a slightly higher prevalence among paediatric males and adult females 
(Ruscio et al., 2010).  
Both disorders are highly heterogeneous (Wiggins et al., 2012), carry more than 
25% comorbidity with one another (Russell et al., 2005) and can be clinically difficult 
to separate. Both disorders are thought to be associated with poor top-down behavioural 
and neurocognitive inhibitory control (Robbins et al., 2012), which may underlie poor 
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control over stereotyped repetitive behaviours in ASD (Geurts et al., 2014) and 
compulsions and intrusive thoughts in OCD (van Velzen et al., 2014). Inhibitory control 
is typically measured in motor and interference inhibition or switching tasks (Aron, 
2011). Motor response inhibition tasks including go/no-go (GNG) and stop tasks 
measure selective inhibition or withdrawal of a built-up pre-potent response to frequent 
stimuli after presentation of an infrequent no-go or stop signal, respectively (Rubia et 
al., 2007). Stroop, Simon or Erikson flanker interference inhibition tasks measure the 
ability to inhibit a pre-potent response tendency that conflicts with the primary intended 
action, while switching measures the ability to inhibit previously valid stimulus-
response associations to engage in new ones (Rubia et al., 2007). While in Stop, GNG 
and interference inhibition tasks, a pre-potent motor response has to be inhibited, 
switching requires, in addition to motor inhibition, reengagement in a different 
response. However, all these tasks share inhibitory processes (Hugdahl et al., 2015) 
which are mediated in adults and children by overlapping inferior and medial fronto-
striato-thalamo-parietal networks, including ventrolateral prefrontal cortex 
(VLPFC)/anterior insula, supplementary motor (SMA), anterior cingulate cortex (ACC), 
caudate, subthalamic nucleus, and inferior parietal lobe (IPL) (Rubia et al., 2013, Cai et 
al., 2014, Dambacher et al., 2014, Rae et al., 2014, Hugdahl et al., 2015). Both OCD 
(Rubia et al., 2011, Dickstein et al., 2013, van Velzen et al., 2014) and ASD (Chantiluke 
et al., 2015b, Chmielewski and Beste, 2015, Eng et al., 2015) have deficits in 
performance and fronto-striato-parietal activation during these inhibitory control tasks, 
suggesting that impaired inhibition could be a trans-diagnostic behavioural phenotype.  
In ASD, functional magnetic resonance imaging (fMRI) studies of 
motor/cognitive interference inhibition and switching report abnormalities in fronto-
striato-parietal areas including DLPFC and VLPFC (Duerden et al., 2013, Daly et al., 
2014, Chantiluke et al., 2015b, Shafritz et al., 2015), r/dACC/MPFC (Vaidya et al., 
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2011, Fan et al., 2012), insula (Schmitz et al., 2006, Kana et al., 2007, Shafritz et al., 
2015), parietal regions (Solomon et al., 2014, Chantiluke et al., 2015b) and caudate 
(Vaidya et al., 2011, Daly et al., 2014), as also shown in meta-analyses of non-social 
processes that included inhibitory control tasks (Di Martino et al., 2009, Philip et al., 
2012, Dickstein et al., 2013). Structural meta-analyses of GMV in ASD implicate 
fronto-limbic and fronto-parietal abnormalities, reporting decreased GMV in cerebellar, 
hippocampal, amygdala and parietal regions but increased GMV in superior frontal, 
striatal and temporal regions (Via et al., 2011, Nickl-Jockschat et al., 2012, DeRamus 
and Kana, 2015), with basal ganglia (BG) abnormalities associated with symptom 
severity (Wolff et al., 2013).  
FMRI studies of response/interference inhibition and switching in children and 
adults with OCD have consistently shown hypoactivation in rostral and dorsal ACC and 
medial prefrontal cortex (r/dACC/MPFC), VLPFC and dorsolateral prefrontal cortex 
(DLPFC) as well as altered striatal activation (Rubia et al., 2010a, Rubia et al., 2011), 
supported by a recent meta-analysis and review (van Velzen et al., 2014, Eng et al., 
2015). Structural meta- and mega-analyses of whole-brain voxel-based morphometry 
(VBM) studies in OCD report decreased grey matter volumes (GMV) in r/dACC/MPFC 
and ventromedial orbitofrontal cortex (vmOFC) but increased GMV in bilateral striatum 
(Radua et al., 2010, Peng et al., 2012, deWit et al., 2014, Eng et al., 2015), which 
furthermore has been linked to poor inhibitory performance, suggesting fronto-striatal 
dysregulation (Menzies et al., 2007). 
Despite apparent overlap in frontal and striatal abnormalities between the two 
disorders, no neuroimaging studies have directly compared ASD and OCD patients. 
Given the similarities in clinical phenotypes between these disorders (Robbins et al., 
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2012), establishing common and distinct neuroanatomical and neurofunctional 
biomarkers may help with future differential diagnosis and treatment development.  
The aim of this study was therefore to investigate whether a common 
behavioural phenotype may be underpinned by common and/or distinct neural 
signatures in the two disorders. For this purpose, we conducted a quantitative meta-
analysis comparing OCD and ASD in brain function/structure abnormalities using 
whole-brain VBM and fMRI studies of inhibitory control, and compared multimodal 
structural and functional neural abnormalities. 
We hypothesized that OCD patients would show disorder-specific fronto-striatal 
dysregulation, i.e. increased BG but decreased ventromedial and r/dACC/MPFC GMV 
activation (Radua et al., 2010, van Velzen et al., 2014), while ASD patients would show 
disorder-specific reductions in lateral fronto-striato-limbic volumes and activations (Via 
et al., 2011, DeRamus and Kana, 2015). We further predicted shared underactivation 
and reduced structure in medial prefrontal regions (Vaidya et al., 2011, Fan et al., 2012, 
Eng et al., 2015). 
4.2 Methods and materials 
4.2.1 Study selection 
A comprehensive literature search was conducted by CC, SL and LN through 
December 2015 for whole-brain imaging studies using VBM or fMRI of inhibitory 
control in paediatric and adult ASD and OCD (using stop, go/no-go, Simon, Stroop, 
Eriksen Flanker or switching tasks). For details and search terms see Supplementary 
Information, section 4.6 of this thesis. Studies meeting the following criteria were 
included: (1) comparison with a control group (2) for fMRI, use of a task investigating 
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inhibitory control (see above), (3) included minimum 10 patients, (4) used standardised 
measures to assess OCD or ASD, (5) reported sufficient information to calculate effect-
sizes (i.e. software/coordinates for relevant contrasts) and (6) within one study, used the 
same significance/extent threshold throughout the whole brain in all analyses. Authors 
were contacted for additional information if necessary. Studies were excluded if they (1) 
used region-of-interest (ROI) approaches, (2) did not perform statistical comparisons 
between cases and controls and (3) did not report peak coordinates for relevant 
contrasts. ROI approaches may be more appropriate than whole-brain investigations 
when researchers are interested in the activation of a specific brain region. However, 
ROI studies were excluded from this meta-analysis because when conducting a voxel-
wise whole-brain meta-analysis, inclusion of ROI analyses would bias the results, as 
voxels within ROIs would be set to have the effect-sizes reported in the papers whereas 
the voxels in the rest of the brain would be unfairly set to have no effect-size. The 
exclusion of ROI studies is therefore recommended practice in structural and functional 
MRI whole-brain meta-analyses  (Radua and Mataix-Cols, 2009, Radua et al., 2010, 
Nakao et al., 2011, Via et al., 2011, Hart et al., 2012, Ersche et al., 2013, Hart et al., 
2013, Gabay et al., 2014, Lim et al., 2014, Radua et al., 2014a, Radua et al., 2014b, 
Rubia et al., 2014, Norman et al., 2016).  MOOSE guidelines for meta-analyses of 
observational studies were followed (Stroup et al., 2000). To avoid duplication, 
conjunctive group differences across tasks/conditions or main group effects across task 
conditions were excluded. Peak coordinates and effect-sizes of significant activation 
differences between patients and controls (or statistical maps where possible) were 
extracted from contrasts of interest for each study.   
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4.2.2 Statistical methods 
Meta-analyses of regional differences in activation or GMV were conducted 
using voxel-wise anisotropic effect-size Seed-based d Mapping (AES-SDM; 
http://www.sdmproject.com). Methods employed by SDM are described elsewhere 
(Radua and Mataix-Cols, 2009, Radua et al., 2014c) and summarized briefly here. SDM 
uses reported peak coordinates and effect-sizes from each study to recreate effect-size 
maps and an effect-size variance map of the signed (positive/negative) GMV or 
activation differences between patients and controls, converting the t-value of each peak 
to Hedges effect-size and applying an anisotropic non-normalized Gaussian kernel so 
voxels more correlated with the peak have higher effect-sizes. All maps were combined 
with a standard random-effects model, accounting for sample size, intra-study 
variability and between-study heterogeneity (Radua et al., 2012). Statistical significance 
was determined by permutation tests and default thresholds (Radua et al., 2014c).  
Some studies included different fMRI tasks in identical or largely overlapping 
samples (Schmitz et al., 2006, Woolley et al., 2008, Page et al., 2009, Morein-Zamir et 
al., 2015), or compared patient subgroups to the same controls (Subirà et al., 2013, 
Hashimoto et al., 2014). To address this, SDM was modified to allow calculation of a 
single, combined map with reduced variance for such studies to avoid dependent data in 
analyses (see Supplementary Information, section 4.6 of this thesis). 
Separate analyses within each patient group were first performed to examine 
GMV and activation differences compared to their respective controls. Then, a 
quantitative comparison of abnormalities in GMV and activation between ASD and 
OCD relative to controls was conducted by calculating the difference between each 
patient group across each voxel and using randomization tests to establish significance. 
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Meta-regressions were conducted within the OCD group (Radua and Mataix-
Cols, 2009) to examine effects of antidepressants on GMV and fMRI abnormalities. 
Most ASD patients were not receiving medication or insufficient information was 
provided. 
Areas of shared abnormalities between patient groups versus controls within 
each modality were determined in conjunction analyses by computing p-value overlap 
within each voxel from the original meta-analytic maps accounting for error (Radua et 
al., 2013). This method was similarly used to perform multimodal analyses showing 
overlapping functional and structural abnormalities within each patient group relative to 
controls. Conjunction analysis determined overlapping (or distinct) regions between 
patient groups across both modalities.  
The inclusion of several paradigms to assess inhibitory control introduces task-
related heterogeneity. Given that there were not sufficient studies (minimum 10 studies 
recommended for SDM meta-analyses (Radua and Mataix-Cols, 2009)) to conduct 
subgroup analyses by task-type, a supplementary meta-analysis was performed 
covarying for task-type (response/interference inhibition, switching). 
Default SDM thresholds were used (voxel p<.005; peak height z=1;cluster 
extent=10 voxels); a threshold of p<.0005 was used for meta-regressions, and only 
regions found in the main between-group analysis were included (Radua and Mataix-
Cols, 2009, Radua et al., 2012). Jackknife sensitivity analyses were conducted to 
establish reproducibility of results by iteratively repeating analyses, excluding one 
dataset each time (Radua and Mataix-Cols, 2009). Funnel plots and Egger’s tests were 




4.3.1 Included studies 
Included were 32 VBM studies comparing ASD individuals to controls 
(ASD=911; Controls=932), 30 VBM studies comparing OCD patients to controls 
(OCD=928; Controls=942), 12 inhibitory control fMRI studies comparing ASD patients 
to controls (ASD=188; Controls=196) and 14 fMRI studies comparing OCD patients to 




TABLE 4.1 DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF INCLUDED STUDIES 
 
(A) Demographic and clinical characteristics of the 32 ASD VBM datasets 
 
  




















adult 15 (80) 28.8 --  15 (80) 25.3 --  L amygdala, R & L 
cerebellum, vermis, L middle 
temporal gyrus, R inf. 
temporal gyrus 
R paracingulate gyrus, L 
IFG, L occipito-temporal 
junction 
(McAlonan 
et al., 2002) 
adult 21 (90) 32 18-49  24 (92) 33 18-49  - R cerebellum, R & L 
lenticular nucleus, R 
cingulate gyrus, R 
precuneus, R & L medial 
frontal gyrus, R sup. frontal 
gyrus 
(Boddaert 
et al., 2004) 






child 16 (100) 15.4 12-20  16 (100) 15.5 12-20  L sup. frontal gyrus, R 
fusiform gyrus, R medial 
frontal gyrus, L middle 
temporal gyrus, R PCC, R & 
L sup. temporal gyrus, L 
lingual gyrus, L IFG, L 
middle frontal gyrus, L inf. 









adult 24 (100) 20.79 7-44  23 (100) 21.4 7-44  - - 
(Schmitz et 
al., 2006) 
adult 10 (100) 38 18-52  12 (100) 39 18-52  L IFG, ACC, R sup. frontal 





child 15 (100) 14.2 10-16  15 (100) 13.3 10-16  R supramarginal gyrus, L 
postcentral gyrus 
R & L inf. temporal 
gyrus/hippocampus-
amygdala complex, L 
middle occipital gyrus, L 






adult 14 (0) 37.9 --  19 (0) 35 --  - L cuneus, L sup./inf. 
temporal gyrus, R middle 
temporal gyrus, R ACC 
(Bonilha et 
al., 2008) 
child 12 (100) 12.4 8-15  16 (100) 13.2 --  R & L IFG, cuneus, 
cingulate, claustrum, 
precuneus, thalamus, 
sup./medial frontal, sup. 
parietal, sup./inf./middle 
temporal gyrus, insula, 
putamen, ACC, fusiform, 
middle/inf. occipital, lingual 
gyrus, precentral gyrus, 
parahippocampal gyrus, 




child 15 (87) 17.5 --  15 (87) 18.6 --  - R intraparietal sulcus 
(Ke et al., 
2008) 
child 17 (82) 8.9 6-14  15 (80) 9.73 6-14  R & L supramarginal gyrus, 
R postcentral, R medial 
frontal gyrus, R cerebellum   





et al., 2008) 
child 33 (82) 11.6 7-16  55 (86) 10.7 7-16  - Cerebellum, L striatum/ 
globus pallidus, R caudate, 
R putamen/globus pallidus, 
L sup. temporal gyrus, L 
prefrontal/insula, R mPFC, 




child 99 (92) 12.89 7-24  89 (92) 12.4 6-24  - - 
(Wilson et 
al., 2009) 
adult 10 (80) 30.1 22-47  10 (70) 29.4 21-43  - - 
(Toal et al., 
2010) 
adult 65 (88) 31 16-59  33 (91) 32 19-58  - R & L 
cerebellum/parahippocampa




adult 15 (100) 22.7 14-33  13 (100) 19.2 14-34  Brainstem, R medial frontal 
gyrus, L medial OFG, R & L 
middle frontal gyrus 










et al., 2011) 
child 20 (90) 7 4-14  22 (91) 7.7 4-11  R inf. parietal, R sup. 
occipital, R & L inf. temporal 
gyrus, L sup. parietal lobule, 
L precuneus 
R IFG, L SMA 
(Riva et al., 
2011) 
child 21 (62) 6.5 3-10  21 (62) 6.8 3-10  - Nucleus accumbens, SMA, 
R & L insula/putamen, R & 
L cerebellum, L DLPFC, L 
inf./sup./middle temporal 
gyrus, L precuneus, L IFG, 




child 17 (82) 14.4 12-18  25 (88) 15.5 12-18  - - 
(Kurth et 
al., 2011) 
child 52 (73) 11.2 5-20  52 (73) 11.1 6-19  - Hypothalamus 
(Poustka et 
al., 2012) 
child 18 (89) 9.7 6-12  18 (89) 9.7 6-12  - - 
(Calderoni 
et al., 2012) 






adult 89 (100) 27 18-43  89 (100) 28 18-43  R & L inf./sup./middle 
temporal gyrus, R & L 
fusiform, R & L 
parahippocampal, R & L 
insula, L IFG, L putamen, L 
caudate, L thalamus, R & L 
middle frontal gyrus, R & L 
pre/postcentral, R IPL 
R inf./middle temporal 
gyrus, R cerebellum, R 
fusiform, R lingual gyrus, R 
& L inf. occipital, R 
cuneus/precuneus, R PCC, 
R sup. occipital  
(Greimel et 
al., 2013) 
adult 51 (100) 18.3 10-50  47 (100) 21.4 8-47  - ACC, R & L posterior STS, 
R middle temporal gyrus 
(Mueller et 
al., 2013) 
adult 12 (75) 35.5 --  12 (67) 33.3 --  - R & L sup. 
parietal/supramarginal 
gyrus, R & L medial 
temporal gyrus, R & L 
IFG/OFC, L middle frontal 
gyrus, L frontal pole, R & L 
mPFC, L insula 
(Poulin-
Lord et al., 
2014) 
adult 23 (87) 19.8 14-30  22 (86) 22.6 15-35  - - 
(Lim et al., 
2015)  
child 19 (100) 14.9 11-17  33 (100) 14.9 11-17  L middle/sup. temporal gyrus, 





(Gori et al., 
2015) 
child 21 (100) 4.17 34-70  20 (100) 4 24-70  - - 
(Itahashi et 
al., 2015) 
adult 46 (100) 30.2 19-50  46 (100) 30.5 19-47  - - 
(Foster et 
al., 2015) 
child 38 (100) 12.4 6-17  46 (100) 12.6 7-17  R central sulcus, L medial 
frontal gyrus, R & L IFG, R 
& L precentral, L middle 
frontal gyrus, L pre-SMA, R 
sup. frontal sulcus & gyrus, L 
ACC, L OFC, L inf. & sup. 
temporal gyrus, R & L 
middle temporal gyrus, L 
Heschel's gyrus, R lingual 
gyrus, L fusiform gyrus, L 
postcentral, L PCC, L 
precuneus, R supramarginal/ 
angular gyrus, L inf. 
occipital, R & L cuneus, L 
putamen, L caudate   
R sup. temporal gyrus, R & 































(Pujol et al., 
2004) 
adult 72 (56) 29.8 18-60 
54 med., 13 
prev. med., 
2 naïve  
 72 (56) 30.1 8-57 
 R ventral putamen, L 
anterior cerebellum, L 
ventral putamen 
R medial frontal 
gyrus, L gyrus rectus, 
L posterior insula 
(Riffkin et 
al., 2005) 
adult 18 (44) 36.1 28-65 3 med., 15 
unmed. 
 18 (44) 34.6 19-54  - - 
(Valente Jr 
et al., 2005) 
adult 19 (53) 32.7 -- 16 med., 3 
naïve  
 15 (47) 32.3 --  L posterior OFC/AI, L & 
R parahippocampal/ 
fusiform gyri 
L ACC/medial frontal 
gyri, R angular/ 
supramarginal gyri 
(Carmona 
et al., 2007) 
child 18 (72) 12.9 -- 10 med., 8 
naïve  
 18 (72) 13 --  - R & L frontal mid, R 
& L frontal inf. tri., R 
frontal inf. oper., R 
frontal sp., L rolandic 
operculum, R & L 






Mas et al., 
2007) 
adult 30 (70) 31.9 18-63 26 med., 2 
prev. med., 
2 naïve  
 30 (100) 31.8 18-63  - - 
(Yoo et al., 
2008) 
adult 71 (66) 26.6 -- 71 med.   71 (66) 26.7 --  R & L postcentral gyrus, 
R thalamus, L putamen 
R cingulate gyrus, R 
& L IFG, R medial 
frontal gyrus, R & L 
insula, L sup. 
temporal gyrus, R 
supramarginal gyrus, 
R precentral gyrus, L 
middle frontal gyrus 
(Gilbert et 
al., 2008a) 
child 10 (60) 12.9 8-16 0 med., 10 
naïve  
 10 (60) 13.4 9-17  - L anterior cingulate, R 




child 37 (38) 13 -- 0 med., 37 
naïve  
 26 (35) 13 --  R & L putamen, R & L 
OFC, R sup. temporal, R 
frontal pole, R & L 
parietal 
R & L occipital 
(Christian 
et al., 2008) 
adult 21 (71) 38 -- 17 med., 4 
unmed. 
 21 (71) 38.9 --  L thalamus - 
(Gilbert et 
al., 2008b) 
adult 25 (52) 37.5 27-62 20 med., 5 
unmed. 





et al., 2009) 
adult 14 (36) 28.6 -- 10 med., 13 
prev. med., 
1 naïve  
 15 (40) 28.7 --  - R lingual gyrus, R & 
L medial/sup. frontal 
gyrus, ACC, R sup. 
occipital gyrus, R inf. 
parietal lobule, R sup. 
temporal  gyrus, L 
middle temporal 
gyrus, R precentral 
gyrus, pons/ 
mesencephalon, R 





adult 55 (29) 33.7 19-54 0 med., 30 
prev. med., 
25 naïve  
 50 (40) 31.4 21-53  - L lateral OFC, L 
DLPFC, L IFC, R & L 
mPFC 
(Matsumoto 
et al., 2010) 
adult 16 (44) 32.8 -- 6 med., 6 
prev med., 4 
naïve  




child 15 (60) 13.5 10-17 15 med., 0 
naïve  
 20 (65) 13.6 10-17  Medial frontal gyrus, 







adult 23 (46) 32.6 21-56 18 med., 5 
naïve  
 26 (46) 34.6 21-48  - R & L medial PFC, R 
OFC, R DLPFC, R 
middle temporal 
gyrus/middle occipital 




child 27 (56) 15.6 -- 27 med., 0 
naïve  
 27 (48) 16.1 --  - - 
(Zarei et al., 
2011) 
child 26 (54) 16.6 12-18 16 med., 10 
naïve  
 26 (54) 16.5 12-18  R & L caudate nuclei, R 





adult 23 (39) 31.3 -- 13 med., 10 
unmed. 
 36 (39) 30.4 --  L temporoparietal/ 





adult 38 (40) 31.5 -- 0 med., 38 
naïve  
 36 (36) 27.8 --  PCC, R IFG, L 
postcentral gyrus/cortex 
L & R DLPFC, L 
mid/sup. occipital, R 
IPL, R inf. temporal  
(Huyser et 
al., 2013) 
child 29 (38) 13.8 9-18 0 med., 2 
prev. med., 
27 naïve  
 29 (38) 13.6 9-18  L insula/frontal pole, L 
sup. parietal, L 
supramarginal gyrus 
- 
(Hou et al., 
2013) 
adult 33 (55) 25.3 -- 0 med., 33 
naïve  
 33 (55) 25 --  L caudate, L thalamus, 
PCC 
R & L medial OFC, L 
ACC, L IFG  
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(Tan et al., 
2013) 
adult 28 (68) 25.4 --  0 med., 18 
prev. med., 
10 naïve  
 22 (68) 27.9 --  R & L middle temporal 
gyri, R & L middle 
occipital gyri, R & L 
globus pallidus, R inf. 
parietal gyrus, L sup. 
parietal gyrus, R 
parahippocampus, R 
supramarginal gyrus, R 
medial sup. frontal gyrus, 





adult 95 (56) 33.4 -- 95 med., 0 
naïve  
 95 (58) 33.9 --  R & L putamen L anterior temporal 
lobe 
(Tang et al., 
2013) 
adult 18 (61) 25.5 -- 0 med., 18 
prev. med. 
 26 (58) 25.2 --  L putamen L PCC, L mediodorsal 
thalamus 
(Hashimoto 
et al., 2014) 
adult 39 (46) 34.1 -- 39 med., 0 
naïve  
 30 (47) 32.5 --  - R thalamus, R 




adult 20 (60) 33.1 -- 11 med., 7 
prev. med., 
2 naïve  






adult 37 (38) 34.4 22-58 32 med., 3 
prev. med., 
2 naïve  
 37 (38) 36.8 22-60  L precentral gyrus R middle temporal 
gyrus, L DLPFC, R 
PCC, R OFC, R 
supramarginal gyrus, 
L IFG 
(Kim et al., 
2015b) 
adult 30 (67) 25 -- 0 med., 8 
prev. med., 
22 naïve  
 34 (68) 23.9 --  - - 
(Tang et al., 
2015) 
adult 26 (58) 25.5 -- 0 med., 26 
naïve  
 32 (53) 26.2 --  L insula, R 
parahippocampal gyrus 
R DLPFC, L sup. 




et al., 2015) 
child 15 (53) 14.1 -- 13 med., 2 
naïve  









            Patients  Controls 
 



























10 (100) 38 18-52  12 (100) 39 18-52  GNG: L mid/IFG, L 
OFC; Stroop: L insula; 






adult Stroop 15 (100) 25.5 16-44  14 (100) 26.1 --  R supramarginal gyrus, R 
precuneus, R & L IPL, R 





adult GNG 12 (92) 26.8 --  12 (92) 22.5 --  - L inf. temporal gyrus, 
R parahippocampal 
gyrus, R calcarine 
sulcus, R premotor, R 
middle cingulate, R & 
L postcentral, R 







adult Switch 18 (89) 22.3 --  15 (87) 24.3 --  - DLPFC, ACC, inf. 




child Stroop 15 (100) 10.8 7-12  18 (100) 11.0 --  - ACC, L middle frontal 
gyrus, R caudate 
(Fan et al., 
2012) 
adult Flanker 12 (75) 30 --  12 (83) 28 --  - ACC 
(Duerden et 
al., 2013) 
adult GNG 13 (69) 25.9 19-39  17 (71) 29 20-43  R IFG, R fusiform gyrus R middle frontal gyrus 
(Solomon et 
al., 2014) 
child POP 27 (19) 15.4 12-18  27 (19) 16.1 12-18  - L PCC, L lingual 





child Stop 19 (100) 14.7 10-17  25 (100) 13.4 10-17  R & L IFG L IPL 
(Ambrosino 
et al., 2014) 















(D) Demographic and clinical characteristics of the 14 OCD fMRI datasets 
 























adult Stroop 24 (38) 33.9 21-54 0 med., 
24 
unmed. 
 14 (36) 30.2 24-43  R frontal cortex ACC, R caudate, R 
& L temporal 
cortex, R brainstem 
(Roth et 
al., 2007) 
adult GNG 12 (43) 37.8 -- 6 med., 6 
unmed. 
 14 (42) 34.9 --  R & L postcentral, 
R cuneus, L 
supramarginal 
gyrus 
R IFG, R 
medial/sup. frontal 
gyrus, R fusiform, 
R middle temporal 
gyrus, R thalamus 
(Yücel et 
al., 2007) 
adult MSIT 19 (53) 33.7 -- 11 med., 
8 unmed. 




gyrus, L IFG, L 
putamen 
Rostral ACC, L 





(Gu et al., 
2008) 




 21 (86) 24.8 --  - R DLPFC, R & L 
premotor, L 
VLPFC, R OFC, R 
& L medial frontal 
cortex, ACC, R & 
L PCC, R uncus, R 
insula, R & L 
parietal, R 
middle/sup. 
temporal gyrus, R 





child Stop  
Stroop 
Switch 
10 (100) 14.3 12-16 8 med., 2 
unmed. 
 9 (100) 14.5 12-16  - Stop: R & L OFC, 
R thalamus/BG; 
Stroop: R & L 
cerebellum, R mid. 
temporal gyrus; 
Switch: R & L 














 11 (100) 34.1 --  GNG: R & L 
PCC/middle 
temporal gyrus, L 
cerebellum, R 
vmPFC, R middle/ 
sup. temporal 









Stroop: R mid/sup. 
temp. gyrus, L 
IPL/sup. temp, L 
sup. parietal/ 
precuneus; Switch: 





child MSIT 18 (33) 13.9 8-18 12 med., 
6 naïve  









adult Stroop 21 (24) 31.3 -- 2 med., 
10 
unmed., 
9 naïve  










 25 (36) 13.7 8-19  - - 
(Pena-
Garijo et 
al., 2011)  
adult GNG 13 (39) 37.1 -- 8 med., 5 
unmed.  
 13 (46) 37.1 --  R occipital, L IPL, 
L cerebellum 













L precentral, R 
fusiform, L middle 
temporal, R middle 
occipital, R sup. 
temporal, L angular 
cortex, R putamen, 
R & L caudate, R 
ACC, R calcarine, 








 22 (50) 30.1 --  - ACC, R & L sup. 
frontal gyrus, R & 










19 (74) 37.8 -- 14 med., 
5 unmed.  
 19 (74) 36.2 --  Switch: - ; GNG: L 
cuneus, R 
precentral gyrus, L 
caudate 
Switch: L & R 
fusiform, R middle 
temporal, L & R 
middle occipital, L 
lingual, L SMA & 
pre-SMA, R 
thalamus, L middle 
frontal, R 
precuneus; GNG: - 
Abbreviations: %, percentage; ACC, anterior cingulate cortex; ASD, autism spectrum disorders; DLPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; 
fmri, functional magnetic resonance imaging; GNG, go/no-go; IFG, inferior frontal gyrus; inf., inferior; L, left; med., medicated; MSIT, multisource interference task; mid, middle; 
OCD, obsessive compulsive disorder; PCC, posterior cingulate cortex; POP, preparing to overcome prepotency; prev. R, right; SMA, supplementary motor area; SSRI, selective 
serotonin reuptake inhibitor; STS, superior temporal sulcus; sup., superior; temp., temporal; unmed. unmedicated (at time of scan); VLPFC, ventrolateral prefrontal cortex; vmOFC, 
ventromedial orbitofrontal cortex; VBM, voxel-based morphometry; y, years
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4.3.2 Group differences in demographics 
Across all studies, patients were age and sex-matched to controls. Compared to 
OCD, ASD VBM [patients: F(1,61)=42, p<0.001; controls: F(1,61)=37, p<0.001] and 
fMRI studies [patients: F(1,25)=18, p<0.001; controls: F(1,25)=19, p<0.001] included 
more males. In the VBM meta-analysis, ASD patients were younger than OCD patients 
[F(1,61)=19, p<0.001] (corresponding controls [F(1,61)=21, p<0.001]). Across fMRI 
studies, patients [F(1,18)=0.1, p=0.71] and controls [F(1,16)=0.3, p=0.56] were 
matched on IQ, but too few VBM studies reported IQ scores to include this analysis 
(Table 4.2A). 
To ensure group differences were not due to sex/age differences, comparative 
VBM and fMRI meta-analyses were covaried with sex, and only the comparative VBM 
meta-analysis was additionally covaried with age (as groups were age-matched in the 
fMRI comparison). In addition, the comparative meta-analyses were repeated on age 
and sex-matched subgroups (Table 4.2B). In this analysis, group-differences were 
minimized to the point of losing significance (p-values>0.5; any mild effect would 
reach significance given the size of the overall samples) (see Supplementary 
Information, section 4.6).  
Last, the proportion of fMRI studies which showed significant performance 
differences between patients and controls (ASD: 4/12; OCD: 4/14) did not differ 
between ASD and OCD (χ2=0.07, p=0.8), suggesting that group-differences in 




 Table 4.2 Demographic information of meta-analysis samples 
a
weighted averages 
NB: age ranges were not available for all studies, above values based on available information; see Table 
4.1 for further details 
Abbreviations: ASD, autism spectrum disorders; fMRI, functional magnetic resonance imaging; OCD, 
obsessive compulsive disorder; SD, standard deviation; VBM, voxel-based morphometry; y, years  
  
(A) Total study sample    
  ASD patients OCD patients ASD controls OCD controls 
VBM         
n 911 928 932 942 
% males 85 53 84 51 
Mean age
a
, y (SD)         18.5 (9.1) 27.8 (7.6) 18.1 (9.0) 27.6 (7.3) 
Age range                        2-70 8-65 2-70 8-63 
fMRI         
n 188 247 196 244 
% males 88 54 89 55 
Mean age
a
, y (SD)         21.4 (7.7) 27.1 (8.9) 21.3 (8.3) 25.7 (11.0) 
Age range                         7-52 8-54 9-52 8-43 
Mean IQ
a
 (SD) 109.0 (5.5) 108.0 (5.2) 114.9 (5.0) 113.5 (3.6) 
(B) Age and sex-matched sub-sample   
 ASD patients OCD patients ASD controls  OCD controls 
VBM     
n 258 412 295 441 
% males 74 58 73 55 
Mean age
a
, y (SD)           18.0 (11.9) 25 (7.7) 18.6 (11.3) 24.8 (7.2) 
Age range 2-52 10-63 2-52 10-63 
fMRI     
n 140 127 140 134 
% males 84 70 86 70 
Mean age
a
, y (SD) 22.4 (6.9) 27.0 (9.8) 22.5 (6.8) 25.9 (8.2) 
Age range 7-44 10-17 12-43 10-17 
Mean IQ
a
 (SD) 108.4 (6.7) 109.9 (4.9) 116.2 (4.2) 113.8 (3.6) 
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4.3.3 Regional differences in GMV 
4.3.3.1 ASD VBM analysis 
ASD patients relative to controls showed reduced GMV in r/dACC/MPFC, right 
posterior insula and left cerebellum and enhanced GMV in left middle and superior 
temporal lobe (STL), right IPL/occipital lobe, left middle frontal gyrus (MFG), left and 
right precentral and right inferior temporal gyri ( 
Figure 4.1A; Table 4.3A).  
4.3.3.2 OCD VBM analysis 
OCD patients relative to controls showed decreased GMV in v/r/dACC/MPFC, 
left VLPFC reaching into premotor cortex/insula/STL and in right IPL, left 
MFG/DLPFC and left VLPFC and increased GMV in bilateral putamen/caudate/nucleus 
accumbens (NAcc)/pallidum/amygdala/insula and in bilateral cerebellum, left 
postcentral gyrus and right superior parietal cortex (Figure 4.1B; Table 4.3B). Meta-
regression revealed no association between GMV differences and anti-depressant use in 
patients at p<0.0005.  
4.3.3.3 Comparison of GMV differences between OCD and ASD 
OCD compared to ASD patients (relative to respective control groups) showed 
larger GMV in bilateral putamen/caudate/NAcc/pallidum/amygdala/insula, extending 
into right STL, and in left caudate, right inferior temporal gyrus and cuneus but smaller 
GMV in dACC/MPFC, left superior frontal gyrus and right MFG/premotor cortex 
(Figure 4.1C; Table 4.3C). Effects in right inferior temporal gyrus, cuneus and right 
MFG/premotor cortex did not survive the age and sex-matched subgroup meta-analysis 
(Supplementary Information section 4.6, Figure 4.2C; Table 4.5C).  
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4.3.3.4 GMV conjunction/disjunction analysis 
Shared GMV increases were in left ventral striatum (VS)/nucleus accumbens 
[MNI coord: -20,18,-10; voxels: 390] and shared decreases in r/dACC/MPFC [MNI 
coord: 4,44,26; voxels: 1843]. Disjunction was seen in right putamen/caudate/insula 
[MNI coord: 34,-4,4; voxels: 874] where ASD had decreased GMV but OCD had 
increased GMV and in right IPL [MNI coord: 52,-56,36; voxels: 918], left STL [MNI 
coord: -44,12,-22; voxels: 634] and left MFG [MNI coord: -20,32,42; voxels: 458] 
where ASD had increased but OCD decreased GMV (Figure 4.1D). Effects in left 
VS/nucleus accumbens, right IPL, left STL and left MFG did not survive age and sex-








Figure 4.1 Whole-brain meta-analysis of voxel-based morphometry (VBM) and 
functional magnetic resonance imaging (fMRI) differences among autism 
spectrum disorder (ASD), obsessive-compulsive disorder (OCD) and control 
subjects 
 
(A) VBM meta-analysis results for ASD patients relative to controls. (B) VBM meta-analysis results for 
OCD patients relative to controls. (C) VBM meta-analysis results for the comparison between ASD 
patients (vs. controls) and OCD patients (vs. controls). (D) VBM meta-analysis results for 
conjunction/disjunction analysis of ASD and OCD abnormalities (vs. controls). (E) fMRI meta-analysis 
results for ASD patients relative to controls. (F) fMRI meta-analysis results for OCD patients relative to 
controls. (G) fMRI meta-analysis results for the comparison between ASD (vs. controls) and OCD (vs. 
controls). (H) fMRI meta-analysis results for conjunction/disjunction analysis of ASD and OCD 
abnormalities (vs. controls). (I) fMRI-VBM multimodal conjunction/disjunction analysis showing 
overlapping abnormalities in ASD relative to controls. (J) fMRI-VBM multimodal 
conjunction/disjunction analysis showing overlapping abnormalities in OCD relative to controls. (K) 
fMRI-VBM multimodal conjunction/disjunction analysis for the comparison between ASD (vs. controls) 
and OCD (vs. controls). Cool colours (blue in ASD, green in OCD) indicate increased brain structure or 
function in patients versus controls. Warm colours (yellow in ASD, red in OCD) indicate decreased 
brain structure or function in patients versus controls. For (D) and (H), orange and light blue indicate 
disorder-shared decreases/increases in structure/function, respectively. For (K), pink indicates regions 
that were disjunctive across modalities (i.e. increased in one but decreased in the other) in ASD compared 




Table 4.3 Meta-analysis results for VBM studies in ASD and OCD 








(A) ASD versus HC 
ASD < HC 
r/d ACC/MPFC 32/24/9/10 4,44,16 -1.644    .001   345 
R posterior insula - 44,-12,12 -1.473 .002 65 
L cerebellum VIII - -10,-66,-48 -1.453 .003 52 
ASD > HC 
L middle/sup. temporal lobe 38/21 -44,6,-26 2.436 <.0001 1047 
R IPL/occipital lobe 39/19 50,-58,36 1.576 <.001 209 
L middle frontal gyrus  8 -20,30,46 1.667 <.001 78 
L precentral gyrus 6/4 -38,-14,50 1.482 .002 52 
R inf. temporal gyrus 20 60,-4,-14 1.486 .002 49 
R precentral gyrus 6/4 34,-16,46 1.353 .003 10 
(B) OCD versus HC 
OCD < HC 
v/r/d ACC/MPFC 25/11/24/32/9 -2,30,34 -2.737 <.0001 3199 
L VLPFC/premotor 
cortex/insula/STL 
44/45/6/42 -52,18,12 -2.442 <.0001 1095 
R IPL 7 52,-56,38 -1.817 <.001 355 
L MFG/DLPFC 9 -28,34,38 -1.862 <.001 182 





OCD > HC 
L putamen/caudate/NAcc/ 
pallidum/amygdala/insula 
- -28,4,-2 2.360 <.0001 1582 
R putamen/NAcc/ 
pallidum/amygdala/insula 
- 24,4,-2 2.010 <.0001 834 
L cerebellum IV/V - -14,-40,-20 1.444 <.001 371 
R cerebellum IV/V - 12,-30,-22 1.276 .001 92 
L postcentral gyrus 3/1/2 -26,-36,62 1.071 .004 31 
R superior parietal gyrus 7 16,-56,72 1.146 .003 23 
R cerebellum - 22,-38,-16 1.053 .004 17 
(C) ASD (vs. HC) versus OCD (vs. HC) 
 ASD (vs. HC) < OCD (vs. HC) 
R putamen/caudate/NAcc/ 
pallidum/amygdala/insula/STL 
21/38 26,4,-4 -2.307 <.0001 1288 
L putamen/caudate/NAcc/ 
pallidum/amygdala/insula 
- -28,4,-2 -2.375 <.0001 774 
L caudate - -8,12,2 -2.020 <.001 442 
(R inferior temporal lobe)* 37 62,-48,-12 -1.482 .001 95 
(R cuneus)* 31 4,-70,10 -1.438 .002 51 
ASD (vs. HC) > OCD (vs. HC) 
dACC/MPFC 32/9 -12,40,24 1.390 <.001 304 
L superior frontal gyrus 9/8 -22,42,26 1.758 <.0001 121 
(R MFG/premotor)* 9/6 40,4,42 1.009 .002 60 
Bold indicates regions which survive age and sex-matched subgroup analysis 
()* indicates regions which did not survive age and sex-matched subgroup analysis 
Abbreviations: ACC, anterior cingulate cortex; ASD, Autism spectrum disorders; BG, basal ganglia; d, dorsal; DLPFC, dorsolateral prefrontal cortex; HC, healthy 
controls; inf., inferior; IPL, inferior parietal lobe; L, left; MPFC, medial prefrontal cortex; MFG, middle frontal gyrus; MNI, Montreal Neurological Institute; NAcc, 
nucleus accumbens; OCD, obsessive compulsive disorder; R, right; r, rostral; STL, superior temporal lobe; v, ventral; vmOFC, ventromedial orbitofrontal cortex; 
VLPFC, ventrolateral prefrontal cortex; VBM, voxel-based morphometry 
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4.3.4 fMRI activation differences in inhibitory control tasks  
4.3.4.1 ASD fMRI analysis 
ASD patients relative to controls showed decreased activation in r/dACC/MPFC, 
left DLPFC, right VLPFC/anterior insula, left cerebellum vermis, left IPL and right 
MFG/premotor cortex. Enhanced activation relative to controls was in precuneus/posterior 
cingulate cortex (PCC), right inferior temporal/occipital and left middle temporal cortices 
(Figure 4.1E; Table 4.4A).  
4.3.4.2 OCD fMRI analysis 
OCD patients relative to controls showed decreased activation in v/r/dACC/MPFC, 
right caudate, right cerebellum, right STL/middle temporal gyrus, left postcentral gyrus and 
right PCC. Enhanced activation was observed in left insula/putamen/premotor cortex/ 
VLPFC/STL, right premotor cortex and left superior parietal cortex (Figure 4.1F; Table 
4.4B). Meta-regression with medication status revealed no association between activation 
differences and anti-depressant use in patients at p<0.0005.  
4.3.4.3 Comparison of fMRI activation differences between OCD and ASD 
Compared to ASD patients, OCD patients had increased activation in left 
MFG/DLPFC and left cerebellum but reduced activation in right STL/middle temporal 
lobe, left pre/post-central gyrus/IPL, right and left PCC/precuneus, right and left VLPFC, 
right caudate, and right occipital lobe (Figure 4.1G; Table 4.4C). Effects in left cerebellum, 
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right and left VLPFC, right occipital lobe, caudate and left PCC/precuneus did not survive 
age and sex-matched subgroup meta-analyses (Figure 4.2G; Table 4.6C). Confirmatory 
analyses including age as covariate confirmed results were not affected by non-significant 
age differences. Controlling for task-type, the majority of between-patient group-findings 
remained except disorder-specific underactivation in OCD patients in right STL/middle 
temporal lobe.  Main findings remained when block-design studies which could be 
confounded by including error trials were excluded. 
4.3.4.4 FMRI conjunction/disjunction analysis 
Conjunction/disjunction analyses revealed shared underactivation in patient groups 
relative to controls in r/dACC/MPFC [MNI coord: 0,32,34; voxels: 3732]. Disjunction was 
seen in PCC/precuneus [MNI coord: -4,-34,46; voxels: 393] where ASD showed increased 
but OCD decreased activation relative to controls and in left MFG/DLPFC [MNI coord: -
36,32,24; voxels: 101], where ASD showed decreased while OCD showed enhanced 
activation relative to controls (Figure 4.1H). The left MFG/DLPFC cluster did not survive 




Table 4.4 Meta-analysis results for fMRI studies of inhibitory control in ASD and OCD 








(A) ASD versus HC 
ASD < HC 
r/d ACC/MPFC 32/24/9 0,32,22 -1.862 <.0001 2116 
L DLPFC 46/9 -44,34,26 -1.821 <.0001 589 
R VLPFC/anterior insula 47 44,20,0 -1.466 .001 282 
L cerebellum (vermis) - -12,-46,-10 -1.418 .001 282 
L IPL 40/7 -32,-52,54 -1.378 .002 206 
R MFG/premotor cortex 6/8 40,14,50 -1.532 <.001 181 
ASD > HC 
Precuneus/PCC 7/5/31/23 -4,-40,54 1.370 <.001 1017 
R inf. temporal/occipital lobe 37/19 36,-68,-12 1.534 <.0001 526 
L middle temporal gyrus -- -46,-54,6 1.069 <.001 45 
(B) OCD versus HC 
OCD < HC 
v/r/d ACC/MPFC 11/10/9/32/24 -2,26,42 -2.900 <.0001 3717 
R caudate - 14,8,14 -2.408 <.0001 500 
R cerebellum - 30,-46,-16 -2.133 <.001 311 
R STL/middle temporal gyrus 21/22 44,-20,-10 -1.893 .001 136 
L postcentral gyrus 3/1/2 -40,-16,38 -1.805 .002 30 





OCD > HC 
L insula/putamen/premotor 
cortex/VLPFC/STL 
6/44/22 -56,-4,6 1.651 <.0001 1890 
R premotor cortex 4/6 36,-8,54 1.257 <.001 321 
L superior parietal cortex 7 -18,-62,70 1.034 .001 17 
(C) ASD (vs. HC) versus OCD (vs. HC) 
ASD (vs. HC) < OCD (vs. HC) 
L MFG/DLPFC 9/46 -40,34,28 -1.316 <.001 339 
(L cerebellum IV)* - -30,-50,-22 -1.005 .001 553 
ASD (vs. HC) > OCD (vs. HC) 
R STL/middle temporal lobe 21 44,-22,-8 2.394 <.0001 371 












(PCC/precuneus)* 23/31/7 -4,-42,46 1.719 .001 240 
(R VLPFC)* 11/47 30,34,-12 1.761 .001 76 
(R occipital lobe/cuneus)* 19/30 20,-82,4 1.753 .001 52 
(L VLPFC)* 47/38 -48,22,-8 1.574 .003 42 
(R caudate)*  - 18,4,22 1.693 .001 25 
(R occipital)* 19 38,-68,20 1.599 .002 22 
Bold indicates regions which survived age and sex-matched subgroup analysis 
()* indicates regions which did not survive age and sex-matched subgroup analysis 
Abbreviations: ACC, anterior cingulate cortex; ASD, Autism spectrum disorders; d, dorsal; DLPFC, dorsolateral prefrontal cortex; HC, healthy controls; inf., inferior; 
IPL, inferior parietal lobe; L, left; MPFC, medial prefrontal cortex; MFG, middle frontal gyrus; MNI, Montreal Neurological Institute; OCD, obsessive compulsive 
disorder; PCC: posterior cingulate cortex; R, right; r, rostral; STL, superior temporal lobe; v, ventral; vmOFC, ventromedial orbitofrontal cortex; VLPFC, ventrolateral 
prefrontal cortex; VBM, voxel-based morphometry 
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4.3.5 Multimodal analyses 
4.3.5.1 Multimodal analyses in ASD  
Multimodal analyses in ASD showed shared decreases in GMV and activation in 
dACC/MPFC [MNI coord: 4,44,16; voxels: 1802] and right insula [MNI coord: 40,10,2; 
voxels: 245]. The precuneus/PCC [MNI coord: 4,-50,48; voxels: 705] was decreased in 
GMV but increased in activation relative to controls (Figure 4.1I).  
4.3.5.2 Multimodal analyses in OCD 
Multimodal analyses in OCD showed shared GMV and activation reduction relative 
to controls in v/r/dACC/MPFC [MNI coord: 6,36,46; voxels: 5126] and shared increases in 
function and structure in left anterior and posterior insula/putamen [MNI coord: -32,-8,-2; 
voxels: 932] and right superior parietal gyrus [MNI coord:18,-54,72; voxels: 137]. Left 
STL/precentral gyrus [MNI coord: -56,2,10; voxels: 1524] was decreased in volume but 
increased in activation in patients relative to controls while right superior cerebellar 
hemisphere [MNI coord: 28,-42,-16; voxels: 1034], right anterior insula/putamen [MNI 
coord: 18,0,-4; voxels: 415] and right caudate [MNI coord: 16,16,4; voxels: 39] were 
increased in volume but decreased in activation (Figure 4.1J). 
4.3.5.3 Multimodal comparison between ASD and OCD 
Multimodal comparison between OCD and ASD (vs. controls) showed larger GMV 
and greater activation in left insula/putamen [MNI coord: -34,-6,4; voxels: 822] were 
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disorder-specific in OCD versus ASD patients. Enhanced GMV and decreased activation 
was disorder-specific in ASD relative to OCD in left STL [MNI coord: -58,-2,8; voxels: 
394] and right precentral gyrus/premotor cortex [MNI coord: 44,8,44; voxels: 180]. 
Disorder-specific decreased GMV but increased activation was seen in right amygdala/STL 
[MNI coord: 24,2,-22; voxels: 500] in ASD relative to OCD (Figure 4.1K). None of the 
regions that were disorder-specific to ASD survived age and sex-matched subgroup meta-
analysis (Figure 4.2K). 
4.3.6 Publication bias and robustness analysis  
Egger’s tests were non-significant (p>0.05, Bonferroni corrected), suggesting there 
was no evidence of publication bias for the reported clusters. All disorder-specific and 
disorder-shared findings were robust (Table 4.7-Table 4.14).  
4.4 Discussion 
This first comparative multimodal meta-analysis of imaging studies of ASD and 
OCD shows both shared and disorder-specific abnormalities in brain structure and function 
during inhibitory control. Given group differences in age- and sex-distribution in the 
included studies, only findings that survived age and sex-matched subgroup meta-analyses 
are discussed.  
Both disorders shared decreased volume and inhibitory activation in r/dACC/MPFC 
relative to controls. The most prominent disorder-specific finding was in left putamen and 
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anterior and posterior insula where OCD patients had increased structure and inhibitory 
function compared to controls and ASD patients, while for the VBM meta-analysis, right 
putamen and insula which were increased in volume in OCD but decreased in ASD patients 
relative to controls.   
Other disorder-differentiated structural abnormalities were in left superior frontal 
gyrus, which was reduced in volume in OCD patients relative to controls and ASD patients 
where it was enhanced relative to controls. For fMRI, disorder-specific effects were in left 
DLPFC, which was reduced, and PCC/precuneus, which was enhanced in function in ASD 
relative to OCD patients and controls. OCD patients had right superior temporal and 
inferior parietal underfunctioning relative to ASD patients and controls.  
Rostral and dorsal ACC and MPFC are closely interconnected and together play a 
key role in top-down control of affect and motivation due to close connections with striato-
limbic regions (Goodkind et al., 2015). While the vACC/MPFC is associated with affect 
control (Shenhav et al., 2013, Buhle et al., 2014), more dorsal parts, in particular dACC, are 
crucial for inhibitory control (Levy and Wagner, 2011, Swick et al., 2011, Cai et al., 2014, 
Rae et al., 2014) as well as for controlling affective VMPFC-limbic systems (Etkin et al., 
2011). The shared r/dACC/MPFC underactivation and reduced GMV may therefore reflect 
shared deficits in top-down inhibitory control over striato-limbic regions mediating 
motivation and affect. This finding extends previous meta-analyses in OCD patients 
showing GMV and inhibitory function in ACC/MPFC (Radua and Mataix-Cols, 2009, 
Radua et al., 2010, Peng et al., 2012, Eng et al., 2015, Goodkind et al., 2015) relative to 
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controls, as well as smaller structure/function in these regions in ASD patients (Di Martino 
et al., 2009, Ha et al., 2015), by showing that this multimodal MPFC dysfunction and 
dysmorphology is a shared phenotype which may reflect common problems with top-down 
cognitive and affect control which, furthermore, may be shared with a range of other 
affective disorders (Goodkind et al., 2015).  
The disorder-specific finding of enhanced left striatal and insular function and 
structure in OCD relative to ASD patients together with reduced v/r/dACC/MPFC GMV 
and activation extends previous meta-analyses showing increased GMV in right insula (Eng 
et al., 2015) and left (Radua and Mataix-Cols, 2009, Radua et al., 2010, Peng et al., 2012, 
Eng et al., 2015) and right BG in OCD by showing that this is disorder-specific relative to 
ASD. They also extend fMRI studies showing dysfunction in dorsal-caudal putamen-
mediated sensorimotor processing and inhibition (van Velzen et al., 2014) and posterior 
insula–mediated interoception and integration of sensory information in OCD (Nagai et al., 
2007). Thus, the findings extend current theories of fronto-striatal dysregulation in OCD, 
suggesting poor frontal lobe-mediated control over overactive striato-limbic activation in 
ventral and dorsal subregions of the BG, affecting motivation and affect as well as 
sensorimotor processing, respectively, ultimately resulting in poor control over obsessions, 
compulsions and anxiety by showing that this is disorder-specific to OCD. In ASD patients, 
by contrast, the shared reduced r/dACC/MPFC was concomitant with reduced structure in 
the right hemisphere homologue BG/insula regions relative to controls and OCD, 
suggesting a structural reduction in ASD of the entire r/d/MPFC/ACC-striato-limbic 
network as opposed to fronto-striatal dysregulation in OCD. Anterior insula and BG form 
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part of inferior fronto-striatal inhibitory networks in children and adults (Rubia et al., 2013, 
Cai et al., 2014, Dambacher et al., 2014, Hugdahl et al., 2015) and are important for 
salience detection, motivation and habit-learning (Cai et al., 2014, Gillan and Robbins, 
2014). In OCD, multimodal overlap of enhanced BG structure and function extends 
findings that enlarged BG volumes are related to poor inhibitory control (Menzies et al., 
2007) and that increased bottom-up influence of posterior insula and BG drives enhanced 
habit-based responses and altered interoceptive processing at the expense of externally-
motivated goal-directed actions such as inhibitory control (Fineberg et al., 2014). There is 
also evidence in OCD of enhanced striatal synaptic dopamine, which may be related to 
hyperactivation and enhanced volumes (Nikolaus et al., 2010). In ASD, anterior insula 
underactivation has been linked to abnormalities in saliency processing (Di Martino et al., 
2009). Thus, disorder-specific findings of enhanced insula/BG function and structure in 
OCD relative to ASD patients and controls, but reduced right insula/BG volume in ASD 
relative to controls are in line with predominant theories of fronto-striatal dysregulation in 
OCD involving reduced ventromedial prefrontal control over enhanced striato-insular 
structure and function linked to interoceptive abnormalities (Fineberg et al., 2014) and with 
evidence for overall reduced function and structure in these regions in ASD (Uddin and 
Menon, 2009), suggesting abnormalities in the saliency network. Importantly, the findings 
suggest that a shared neurocognitive phenotype of poor top-down inhibitory control over 
behaviour and affect is underpinned by differing underlying structural and functional 
fronto-striato-insular networks in the two disorders.  
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Disorder-differentiated structural abnormalities were also observed in left superior 
frontal gyrus, which was decreased in GMV in OCD versus ASD patients and controls but 
increased in GMV in ASD versus controls. This extends a previous VBM meta-analysis 
(Rotge et al., 2010) by showing that superior frontal GMV reduction is disorder-specific 
relative to ASD patients, who typically have enhanced dorsal and superior frontal volumes 
(Courchesne et al., 2007), which furthermore correlated with ASD symptom severity (Rojas 
et al., 2006). Enhanced frontal volumes in ASD also extends evidence of early frontal grey 
matter overgrowth which appears arrested later in life (Courchesne et al., 2007). 
In fMRI, left DLPFC activation was disorder-specifically reduced in ASD patients 
relative to controls and OCD patients. Left DLPFC is involved in goal representation and 
attention selection as well as response inhibition and maintenance of stimulus 
representations in the presence of distracting or interfering events (Ridderinkhof et al., 
2004). DLPFC hypoactivation has been observed in ASD during cognitive control tasks 
involving inhibition (Kana et al., 2007), attention (Silk et al., 2006, Christakou et al., 
2013b) and working-memory (Di Martino et al., 2009, Stigler et al., 2011). We previously 
found that left DLPFC hypoactivation in ASD is associated and anti-correlated with 
increased PCC activation during sustained attention (Christakou et al., 2013b), which was 
also enhanced in this meta-analysis in ASD relative to controls and OCD. PCC is a key 
node in the default mode network (DMN) thought to reflect task-irrelevant thinking and 
typically less deactivated during cognitive tasks in ASD (Minshew and Keller, 2010), 
including attention (Gadgil et al., 2013) and interference inhibition (Kennedy et al., 2006), 
presumably reflecting increased mind wandering. Here, we show that decreased left 
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DLPFC activation together with reduced deactivation of DMN regions including PCC is 
disorder-specific to ASD and may be related to attention problems typically observed in the 
disorder (Christakou et al., 2013b), although DMN abnormalities have also been observed 
in OCD (Menzies et al., 2008, Stern and Taylor, 2014). 
OCD patients showed disorder-specific decreased inhibitory activation relative to 
ASD patients and controls in right STL and left IPL, extending findings of temporo-parietal 
underactivation during interference inhibition (Nakao et al., 2005, Woolley et al., 2008, 
Page et al., 2009), response inhibition (Roth et al., 2007), planning (van den Heuvel et al., 
2005b), and switching (Menzies et al., 2008). Superior temporal and IPL regions 
presumably are involved during inhibition tasks due to their function in visual-spatial 
attention to salient stimuli (Rubia et al., 2006, Rubia et al., 2011). It has been argued that 
while there is enhanced salience processing of disorder-relevant and symptom-triggering 
stimuli in OCD (e.g. contamination for compulsive washers), there is reduced visual-spatial 
saliency processing in posterior visual-spatial attention regions during cognitive tasks, 
presumably due to the over-recruitment of these regions in relation to symptom-related 
saliency (Menzies et al., 2008, Rubia et al., 2011), which likely underlies poor performance 
on selective attention and inhibitory control tasks (Chamberlain et al., 2005).  The findings 
suggest disorder-dissociated reduced recruitment of DLPFC in ASD and temporo-parietal 




This study has several limitations. This study was based primarily on peak 
coordinates, as statistical brain maps were difficult to obtain. Studies used different 
statistical thresholds, so that weak group differences may be lost from studies using 
conservative thresholds which may have led to decreased statistical power. This is however 
counterbalanced by the large number of included studies. We also acknowledge that, as 
whole-brain analyses may be underpowered to detect differences within specific ROIs, our 
meta-analysis cannot discount the absence of other findings reported in ROI-based studies, 
such as ACC hyperactivation/failure of deactivation that has previously been observed in 
OCD patients compared to controls during tasks of cognitive control (e.g.  (Ursu et al., 
2003, Maltby et al., 2005, Fitzgerald et al., 2010). ASD studies included younger and more 
male patients. However, this was controlled for by covariance analyses and sex and age-
matched subgroup meta-analyses. Areas that did not survive these subgroup analyses were 
not discussed. Additionally, although inclusion criteria tried to rule out the possibility of 
comorbidity between OCD and ASD, it is possible that some OCD studies did not screen 
for ASD comorbidity or that ASD studies conflated OCD symptoms with the broader ASD 
phenotype. This might have reduced the disorder-specific findings. The combination of 
different fMRI tasks within the same inhibitory control domain presents some variability. 
However, findings survived when task-type was covaried. Moreover, common fronto-
striato-parietal activation patterns underlie these different inhibitory control tasks (Hugdahl 
et al., 2015).  Furthermore, given evidence for developmental differences in brain structure 
in both OCD (deWit et al., 2014) and ASD (Courchesne et al., 2011), it would have been 
interesting to conduct sub-meta-analyses of paediatric and adult subsamples. For example, 
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a recent mega-analysis in OCD found that GMV in putamen, insula and OFC declined with 
increasing age in controls but not OCD patients (deWit et al., 2014). However, due to the 
small number of paediatric studies, particularly in the fMRI sample (e.g. 4 OCD studies), 
results would have been underpowered. Nonetheless, developmental factors should be 
considered in future meta-analyses once more paediatric studies are available.  
4.5 Conclusions 
This comparative multimodal meta-analysis shows that different fronto-striato-
insular abnormalities underlie seemingly similar behavioural phenotypes in ASD and OCD. 
They share functional and structural abnormalities in r/dACC/MPFC. However, they differ 
in functional and structural abnormalities in BG/insula which were increased in OCD, in 
line with medial fronto-striatal dysregulation models of poor top-down frontal control over 
hyperactive striato-limbic regions while in ASD, they were decreased, suggesting reduced 




4.6 Supplementary information 
As this chapter has been previously published, supplementary information is presented as 
available online, separate from the main text of Chapter 4: 
DOI: http://dx.doi.org/10.1016/j.biopsych.2016.10.006 
4.6.1 Supplementary methods 
4.6.1.1 Estimation of the mean of the effect-sizes of the different functional tasks, and 
its variance accounting for the number of tasks and the correlation among them 
Note: the following formulas would be separately applied to each voxel of the brain map. 
Some datasets included multiple inhibition contrasts (Morein-Zamir et al., 2015), 
and some studies included used different functional tasks in the same (or mostly 
overlapping) sets of patients and controls (Schmitz et al., 2006, Woolley et al., 2008, Page 
et al., 2009), or compared patient subgroups against the same set of controls (Subirà et al., 
2013, Hashimoto et al., 2014).  
In previous meta-analyses (Rubia et al., 2014) we calculated the effect size of the 
“mean brain response to the different functional tasks.” However, it may be shown that the 
variance associated to this mean brain response is lower than the variance associated to one 
task (see demonstration below). This increase in precision implies an increase of the effect 
size, which could be a source of meta-analytic heterogeneity. To overcome this artificial, 
methodological heterogeneity, this study adopted a new approach consisting of simply 
 149 
 
calculating the arithmetic mean of the effect size of the different functional tasks but then 
adjusting its variance accounting for the number of tasks and the correlation among them so 
that the combined study has the same statistical significance (z-value) as when using the 
effect size of the mean response. In other words, the effect size reflects the response of an 
individual to a task, and the fact that the combined study includes several tasks reduces the 
variance in a similar way that large samples do. This new simple approach will be included 
in the next version of the SDM software to allow other researchers to conduct repeated-





Sample mean and variance of the mean brain response to different functional tasks in one 
group 
The mean brain response of the i
th
 participant to the different functional tasks is: 
 





 functional task. 
The sample mean of the mean brain response to the different functional tasks is: 
 
where  is the number of participants, and  is the sample mean of the brain response to 
the j
th





























































The sample variance of the mean brain response to the different functional tasks is: 
 
where  is the sample variance of the brain response to the j
th
 functional task,  is the 
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The specific  and  are usually unknown, but the expression may be greatly simplified 
under the general assumption that sample variances and correlations are similar across the 
different functional tasks and groups: 
 
where VRN,r is the variance reduction associated to the specific N and r. Note that if r < 1 
(i.e. the brain response is not identical between tasks), then VRN,r < 1, i.e. the variance 
associated to the mean brain response is lower than the variance associated to the response 








































































































Sample effect size of the difference in brain response to different functional tasks 
The sample effect size of the difference in the mean brain response to the different 
functional tasks is: 
 
where  is the sample effect size of the difference in brain response to the j
th
 functional 
task, sub-indexes “p” and “c” refer to patients and controls, and sample variances have been 
assumed to be similar. 
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The z-value for this effect size is: 
 
where  is the effect size of the difference in the mean brain response to the different 
functional tasks,  is the bias correction,  is the estimated variance of , and  is 
the simple arithmetic mean of the effect sizes. Thus if, in order to keep the effect size in the 
range of the effect size of the remaining studies, we calculate the simple arithmetic mean of 

































































































































































































































4.6.1.2 Assumption of similar sample variances and correlations 
The method rests partly upon the general assumption that sample variances and 
correlations are similar across the different functional tasks and groups. To our knowledge, 
there is no reason to rely on other, more complex assumptions (e.g. to consider sample 
variance in patients to be twice the variance in controls), and the method seems robust to 
violations of the assumption. For instance, when combining the effect sizes of 20 patients 
relative to 20 controls performing two tasks with similar effect size, the variance reduction 
factor under the general assumption is 0.65. Differences in sample variances or correlations 
between groups have a negligible or null effect, e.g. the variance reduction factor is ~0.65 if 
the correlation in patients is twice the correlation in controls, and again ~0.65 if the 
variance in patients is twice the variance in controls. Differences in variances between tasks 
have a larger effect, but this is still mild even when differences are large, e.g. the variance 
reduction factor is ~0.69 if the variance in one task is twice the variance in the other task. 
4.6.1.3 Study selection: search terms  
PubMed, ScienceDirect, Scopus and Google Scholar databases were searched by 
authors CC, LN and SL using either keywords related to OCD (“obsessive-compulsive 
disorder”, “OCD”, “obsessive”, “compulsive”) or ASD (“autism”, “autistic”, “Asperger”, 
“ASD”, “autism spectrum disorder”, “pervasive developmental disorder”) plus terms 
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associated with structural imaging (“VBM”, “voxel-based morphometry”, “voxel-wise”, 
“structural MRI”, “grey matter”) to generate a list of structural MRI studies. The same 
diagnostic keywords were used in combination with terms related to cognitive and motor 
inhibition (“executive function”, “inhibition”, “stroop task”, “cognitive control”, “stop 
task”, “go/no-go task”, “flanker”, “task-switching”, “inhibitory control”) plus terms for 
functional imaging (“fMRI”, “functional”, “brain function”) to obtain a list of fMRI studies 
investigating inhibition. Citations within obtained articles revealed additional studies. 
Obtained articles were cross-referenced and agreed upon by CC, LN and SL to confirm 
inclusion criteria were met.  
Studies which used ROI analysis were not included, as examining previously 
defined regions of interest limits the search towards a priori hypothesized regions, thereby 
providing a biased and inappropriately constrained characterization of anatomy or function 
(Friston et al., 2006). 
4.6.1.4 Statistical methods 
From each study, the peak coordinates (i.e. maximum difference in GMV or 
activation between patients and controls) of significant clusters at whole-brain level were 
included. The strict criteria employed by SDM of selecting only those coordinates 
significant at the whole-brain level aim to avoid bias towards liberally thresholded regions, 
as is often seen in ROI analysis. In studies where both corrected and uncorrected statistics 
were reported, the more liberal threshold from uncorrected results was used. Montreal 
Neurological Institute (MNI) coordinates were converted to Talairach space using matrix 
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transformations (Lancaster et al., 2007). Once coordinates were identified and converted to 
Talairach space, a map of differences in either GMV or blood oxygen level-dependent 
(BOLD) activation was recreated for each individual study. SDM uses a 25mm full-width 
at half maximum (FWHM) un-normalized Gaussian kernel assigning higher values to the 
voxels closer to peaks, as it has been found to have an excellent control of false positives 
(Salimi-Khorshidi et al., 2009).  
The analysis of covariance (ANCOVA) of regional GMV and activation differences 
with age and gender resulted in a Q-statistic (similar to an F-statistic) for each region as 
well as a map summarizing these effects and a z-statistic for the difference between males 
and females or older and younger participants.   
The aim of the conjunction/disjunction analysis was not to detect correlations 
between activation and GMV or in either of these between OCD and ASD, but rather to 
detect those regions showing abnormalities in both disorders or modalities (Radua et al., 
2014a). 
Subgroup analysis was performed by matching groups on age and sex. Specifically, 
a script iteratively evaluated all possible subsets of n-1 studies and selected the one in 
which the minimum p-value was largest. Selection of the subset was conditioned to 
maintain a balance between ASD and OCD studies and to avoid exclusion of studies with 
SPM maps given that they optimally increase the power of a meta-analysis.  
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4.6.2 Supplementary results 
4.6.2.1 Results of literature search 
For a complete list of included studies and study details, see Table 4.1 Demographic 
and clinical characteristics of included studies in the main text of Chapter 4. The search 
retrieved a total of thirty-two useable ASD VBM datasets and thirty useable OCD VBM 
datasets. Seven studies used only region of interest methods and were therefore excluded 
(Hardan et al., 2003, Salmond et al., 2005, Nishida et al., 2011, Brooks et al., 2015, 
D'Mello et al., 2015, Goddard et al., 2015, Libero et al., 2015). Eleven studies were 
excluded as they did not provide pairwise univariate voxel-wise comparisons of OCD or 
ASD patients with a control group (Salmond et al., 2005, Lázaro et al., 2009, Uddin et al., 
2011, Alvarenga et al., 2012, Benedetti et al., 2012, Alonso et al., 2013, Hoexter et al., 
2013, Liu et al., 2014, Parrado-Hernández et al., 2014, Banks et al., 2015, Cheng et al., 
2015). One OCD study was excluded as it included fewer than 10 patients (Chen et al., 
2013), and two ASD studies were excluded as the ASD samples were inappropriate for the 
purposes of this meta-analyses (one included patients with comorbid OCD (Riedel et al., 
2014) and the other included intellectually disabled individuals with autistic traits rather 
than a diagnosis of ASD (Spencer et al., 2006)). Five studies contained overlapping patient 
samples and were excluded, including a mega-analysis containing data much of which had 
been published previously (Kim et al., 2001, Ecker et al., 2010, Riva et al., 2013, deWit et 
al., 2014, Huyser et al., 2014).  
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The ASD fMRI search retrieved a total of twelve useable datasets, while the OCD 
fMRI search retrieved a total of fourteen useable datasets. A further six studies which did 
not compare patient groups using whole-brain image analysis methods were excluded 
(Maltby et al., 2005, Thakkar et al., 2008, Solomon et al., 2009, Agam et al., 2010, de Wit 
et al., 2012, Remijnse et al., 2013), along with five studies which did not include a pairwise 
whole-brain comparison of ASD or OCD patients against healthy controls (Dichter and 
Belger, 2007, Rubia et al., 2010a, Rubia et al., 2011, Vriend et al., 2013, Tolin et al., 2014), 
three datasets which included duplicated patient data (Nabeyama et al., 2008, Nakao et al., 
2009b, Han et al., 2011), two studies which used fewer than 10 patients (Belmonte and 
Yurgelun-Todd, 2003, Fitzgerald et al., 2005), and six studies that did not include a suitable 
inhibition contrast (Haist et al., 2005, van den Heuvel et al., 2005a, Goldberg et al., 2011, 
Grützmann et al., Berlin et al., 2015, Brennan et al., 2015).
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4.6.2.2 Matched subgroup analyses 
Meta-analyses were repeated on a subset of studies matched on age and sex per the 
methods outlined in the main text so that groups did not significantly differ on either 
variable (p>.05). Matching ASD and OCD VBM studies on age and sex resulted in the 
exclusion of 17 ASD studies (Boddaert et al., 2004, Kwon et al., 2004, Waiter et al., 2004, 
Rojas et al., 2006, Brieber et al., 2007, McAlonan et al., 2008, Langen et al., 2009, Hyde et 
al., 2010, Kosaka et al., 2010, Toal et al., 2010, Kurth et al., 2011, Mengotti et al., 2011, 
Ecker et al., 2012, Greimel et al., 2013, Foster et al., 2015, Gori et al., 2015, Itahashi et al., 
2015) and 14 OCD studies (Pujol et al., 2004, Riffkin et al., 2005, Valente Jr et al., 2005, 
Christian et al., 2008, Gilbert et al., 2008b, Szeszko et al., 2008, van den Heuvel et al., 
2009, Togao et al., 2010, Exner et al., 2012, Hoexter et al., 2013, Huyser et al., 2013, 
Subirà et al., 2013, Hashimoto et al., 2014, Okada et al., 2015). Matching OCD and ASD 
fMRI studies on age and sex resulted in the exclusion of 3 ASD studies and 6 OCD studies. 








Figure 4.2 Whole-brain age- and sex-matched subgroup meta-analysis of VBM and 
fMRI differences between ASD, OCD and controls 
 (A) VBM meta-analysis results for a subgroup of ASD patients relative to controls. (B) VBM meta-
analysis results for a subgroup of OCD patients relative to controls. (C) VBM meta-analysis results for 
the age- and sex-matched subgroup comparison between ASD patients (vs. controls) and OCD patients 
(vs. controls). (D) Age- and sex-matched subgroup VBM meta-analysis results for 
conjunction/disjunction analysis of ASD and OCD abnormalities (vs. controls). (E) fMRI meta-analysis 
results for a subgroup of ASD patients relative to controls. (F) fMRI meta-analysis results for a subgroup 
of OCD patients relative to controls. (G) Subgroup fMRI meta-analysis results for the age- and sex-
matched comparison between ASD (vs. controls) and OCD (vs. controls). (H) Age- and sex-matched 
subgroup fMRI meta-analysis results for conjunction/disjunction analysis of ASD and OCD abnormalities 
(vs. controls). (I) Age and sex-matched subgroup fMRI-VBM multimodal conjunction/disjunction 
analysis showing overlapping abnormalities in ASD relative to controls. (J) Age- and sex-matched 
subgroup fMRI-VBM multimodal conjunction/disjunction analysis showing overlapping abnormalities in 
OCD relative to controls. (K) Age- and sex-matched subgroup fMRI-VBM multimodal 
conjunction/disjunction analysis for the comparison between ASD (vs. controls) and OCD (vs. controls). 
Cool colors (blue in ASD, green in OCD) indicate increased brain structure or function in patients versus 
controls. Warm colors (yellow in ASD, red in OCD) indicate decreased brain structure or function in 





Table 4.5 Meta-analysis results for a subgroup of age and sex-matched VBM studies in ASD and OCD 





P value No. of voxels 
(A) ASD versus HC 
ASD < HC 
Precuneus 7 -2,-64,48   -1.742   <.001     650 
r/d ACC/MPFC 32/9/10  -2,52,16 -1.578 <.001 309 
L MFG 8/9  -46,16,28 -1.390 .002 28 
R putamen/BG - 28,10,4 -1.331 .003 14 
ASD > HC 
L MFG 9 -18,48,28 1.613 <.001 102 
R MFG 9 18,34,42 1.605 <.001 45 
L MFG/DLPFC  8 -16,38,44 1.389 .002 23 
R precentral gyrus 6 20,-2,60 1.393 .002 23 
R cerebellum - 6,-76,-28 1.292 .004 11 
(B) OCD versus HC 
OCD < HC 
v/r/d ACC/MPFC 25/11/24/32/9 0,22,22 -2.791 <.0001 2259 
R insula/premotor cortex/STL 6/44/22 58,6,12 -2.001 <.001 479 
L insula/premotor cortex/VLPFC 6/44/45 -52,20,14 -1.822 .001 114 
R anterior insula 47 34,24,-4 -1.769 .002 18 
OCD > HC 
L insula/BG/amygdala - -28,4,-2 2.381 <.0001 1577 
R superior parietal gyrus 7 16,-56,72 1.668 <.001 122 
R thalamus - 24,-30,-2 1.695 <.001 136 
L superior parietal gyrus 5/7 -18,-46,70 1.436 <.001 98 





(C) ASD (vs. HC) versus OCD (vs. HC) 
ASD (vs. HC) < OCD (vs. HC) 
L insula/BG/amygdala - -28,4,-2 -2.036 <.0001  883 
Precuneus 7 0,-66,42 -1.778 <.0001        603 
L caudate - -6,10,2 -1.976 <.0001 462 
R insula/BG/amygdala  - 24,4,-2 -1.772 <.0001 479 
R postcentral gyrus/IPL 3/1/2/7 44,-28,44 -1.224 .002 51 
ASD (vs. HC) > OCD (vs. HC) 
r/d ACC/MPFC 24/32 6,28,24 2.267 <.0001 678 
vmOFC 11/32 10,36,-8 1.746 <.001 28 
L MFG/DLPFC 9 -16,48,30 1.629 .001 26 
R MFG 8/9 20,36,44 1.565 .002 22 
vmOFC 11 8,32,-18 1.596 .002 17 
Abbreviations: ACC, anterior cingulate cortex; ASD, autism spectrum disorders; BG, basal ganglia; d, dorsal; HC, healthy controls; IPL, inferior parietal lobe; L, left; 
MPFC, medial prefrontal cortex; MFG, middle frontal gyrus; MNI, Montreal Neurological Institute; No., number; OCD, obsessive compulsive disorder; R, right; r, 





Table 4.6 Meta-analysis results for a subgroup of age and sex-matched fMRI studies in ASD and OCD 








(A) ASD versus HC 
ASD < HC 
r/d ACC/MPFC 32/24/9 0,32,22 -1.977 <.0001 2596 
R VLPFC/anterior insula 47 46,24,0 -1.620 <.001 476 
L IPL 40/7 -34,-46,52 -1.475 .001 366 
L DLPFC/MFG 46/9 -40,34,32 -1.452 .001 239 
ASD > HC 
vmOFC 11 -4,40,-16 1.006 <.001 488 
(B) OCD versus HC 
OCD < HC 
v/r/d ACC/MPFC 10/9/32/24 -10,24,28 -2.601 <.0001 1804 
L postcentral gyrus 3/1/2 -44,-14,36 -2.366 <.001 258 
R STL/middle temporal gyrus 21/22 46,-20,-12 -2.439 <.001 261 
R STL 21/22 54,6,-10 -2.076 .002 86 
R fusiform gyrus 37 30,-46,-14 -2.053 .002 71 
R PCC 23/31 14,-42,40 -2.235 <.001 65 
R caudate/BG - 12,2,12 -2.037 .002 58 
R cerebellum IV/V - 16,-50,-20 -1.924 .004 14 
OCD > HC 
L insula/putamen/premotor 
cortex/precentral/VLPFC/STL 
6/44/22 -58,-4,4 1.833 <.0001 1909 
R superior parietal gyrus 7 18,-54,70 1.244 .001 40 
L superior parietal gyrus 7 -20,-60,70 1.256 <.001 29 





(C) ASD (vs. HC) versus OCD (vs. HC) 
ASD (vs. HC) < OCD (vs. HC) 
L insula/putamen/premotor 
cortex/precentral/VLPFC/STL 
6/44/22 -34,-8,4 -2.026 <.0001 2067 
L MFG 9/46 -38,36,26 -1.445 <.001 212 
ASD (vs. HC) > OCD (vs. HC) 
L pre/postcentral gyrus 6/4/3/1/2 -46,-14,38 1.850 <.001 253 
R middle temporal lobe 21 46,-28,-2 1.834 <.001 216 
R cerebellum IV/V - 20,-46,-20 1.682 .002 99 
vmOFC 11/25 2,28,-4 1.661 .002 69 
R PCC 23/31 16,-42,36 1.735 .001 21 
Abbreviations: ACC, anterior cingulate cortex; ASD, autism spectrum disorders; BG, basal ganglia; d, dorsal; HC, healthy controls; IPL, inferior parietal lobe; L, left; 
MPFC, medial prefrontal cortex; MFG, middle frontal gyrus; MNI, Montreal Neurological Institute; No., number; OCD, obsessive compulsive disorder; R, right; r, 




4.6.2.3 Reliability analysis 
A whole-brain jackknife sensitivity analysis for ASD VBM studies showed that 
the finding of increased GMV in left middle and superior temporal lobe was highly 
replicable and was preserved in all combinations of the datasets. The results of 
increased GMV in left MFG, left precentral gyrus and decreased GMV in 
r/dACC/MPFC were replicable in all but one combination, while the findings of 
increased GMV in right inferior temporal gyrus were replicated in all but two 
combinations. The right IPL/occipital cluster was replicated in all but three iterations, 
while the right precentral gyrus, right insula and left cerebellum were not as robustly 
replicated in jackknife analyses, with these clusters not replicated in 4 or more 
combinations (Table 4.7 and Table 4.8).  
The jackknife analysis for the OCD VBM studies revealed that the findings of 
decreased GMV in v/r/d MPFC/ACC and left VLPFC/premotor cortex/insula/STL as 
well as increased GMV in the bilateral basal ganglia/insula were replicated in all 
combinations of studies. Decreased left MFG GMV and increased left cerebellum and 
right superior parietal lobe GMV survived all but one iteration. Decreased right IPL and 
increased right cerebellum GMV were present in all but two iterations. Left VLPFC was 
replicated in all but three combinations, while left postcentral gyrus and right 
cerebellum were less robust, with these clusters not replicated in 4 or more iterations of 
the analysis (Table 4.9 and Table 4.10).  
FMRI whole-brain jackknife analyses revealed that clusters of reduced 
activation in ASD versus controls remained in all combinations for r/d ACC/MPFC and 
left DLPFC. Reduced right VLPFC/anterior insula activation and increased right 
inferior temporal/occipital lobe and left middle temporal gyrus activation were present 
in all but one combination of studies. Decreased left cerebellum, left IPL and left 
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MFG/premotor activation and increased precuneus/PCC activation was seen in all but 
two combinations of studies (Table 4.11 and Table 4.12).   
In the OCD fMRI jackknife analysis, reduced activation in the v/r/d ACC/MPFC 
and right caudate survived all possible combinations. Decreased activation in right STL 
as well as increased activation in left insula/putamen/premotor/precentral/VLPFC/STL 
was preserved in all but one combination. Decreased right cerebellum and increased 
right precentral/premotor and left superior parietal activation were preserved in all but 
two combinations. Left postcentral gyrus and right PCC clusters were observed in all 




Table 4.7 Results of the reliability (jackknife) analyses for areas showing decreased GMV in ASD patients relative to 
healthy controls 
 r/d ACC/MPFC/ R posterior insula L cerebellum VIII 
 4,44,16 44,-12,12 -10,-66,-48 
Study    
(Abell et al., 1999) yes yes yes 
(McAlonan et al., 2002) yes no yes 
(Boddaert et al., 2004) yes yes yes 
(Waiter et al., 2004) yes yes yes 
(Kwon et al., 2004) yes yes yes 
(Rojas et al., 2006) yes yes yes 
(Schmitz et al., 2006) yes yes yes 
(Brieber et al., 2007) yes yes no 
(Craig et al., 2007) yes yes yes 
(Bonilha et al., 2008) yes yes yes 
(Freitag et al., 2008) yes yes yes 
(Ke et al., 2008) yes yes yes 
(McAlonan et al., 2008) yes yes no 
(Langen et al., 2009) yes yes yes 
(Wilson et al., 2009) yes yes yes 
(Toal et al., 2010) yes yes no 
(Hyde et al., 2010) yes yes yes 
(Kosaka et al., 2010) yes no yes 
(Mengotti et al., 2011) yes yes yes 
(Riva et al., 2011) yes no yes 
(Groen et al., 2011) yes yes yes 
(Kurth et al., 2011) yes yes yes 
(Poustka et al., 2012) yes yes yes 




(Ecker et al., 2012) yes yes yes 
(Greimel et al., 2013) no yes yes 
(Mueller et al., 2013) yes yes yes 
(Poulin-Lord et al., 2014) yes yes yes 
(Lim et al., 2015)  yes yes no 
(Gori et al., 2015) yes yes yes 
(Foster et al., 2015) yes no no 






Table 4.8 Results of the reliability (jackknife) analyses for areas showing increased GMV in ASD patients relative to healthy controls 
 













 -44,6,-26 50,-58,36 -20,30,46 -38,-14,50 60,-4,-14 34,-16,46 
Study       
(Abell et al., 1999) yes yes yes yes yes yes 
(McAlonan et al., 2002) yes no yes yes yes no 
(Boddaert et al., 2004) yes yes yes yes yes yes 
(Waiter et al., 2004) yes yes yes yes yes yes 
(Kwon et al., 2004) yes yes yes yes yes yes 
(Rojas et al., 2006) yes yes yes yes yes yes 
(Schmitz et al., 2006) yes yes yes yes yes yes 
(Brieber et al., 2007) yes yes yes yes yes yes 
(Craig et al., 2007) yes yes yes yes yes no 
(Bonilha et al., 2008) yes yes yes yes yes yes 
(Freitag et al., 2008) yes yes yes yes yes yes 
(Ke et al., 2008) yes no yes yes yes yes 
(McAlonan et al., 2008) yes yes yes yes yes no 
(Langen et al., 2009) yes yes yes yes yes yes 
(Wilson et al., 2009) yes yes yes yes yes yes 
(Toal et al., 2010) yes yes yes yes yes no 
(Hyde et al., 2010) yes yes yes yes yes yes 
(Kosaka et al., 2010) yes yes yes yes yes no 
(Mengotti et al., 2011) yes no yes yes yes yes 
(Riva et al., 2011) yes yes yes yes yes yes 
(Groen et al., 2011) yes yes yes yes yes yes 
(Kurth et al., 2011) yes yes yes yes yes yes 




(Calderoni et al., 2012) yes yes yes yes yes yes 
(Ecker et al., 2012) yes yes no no no no 
(Greimel et al., 2013) yes yes yes yes yes no 
(Mueller et al., 2013) yes yes yes yes yes no 
(Poulin-Lord et al., 2014) yes yes yes yes yes yes 
(Lim et al., 2015)  yes yes yes yes no no 
(Gori et al., 2015) yes yes yes yes yes yes 
(Foster et al., 2015) yes yes yes yes yes no 






Table 4.9 Results of the reliability (jackknife) analyses for areas showing decreased GMV in OCD patients relative to healthy 
controls 
Decreased GMV in OCD patients versus healthy controls 
 
v/r/d ACC/MPFC 
      L VLPFC/ 
premotor/insula/STL 
R IPL L MFG/DLPFC L VLPFC 
 -2,30,34 -52,18,12 52,-56,38 -28,34,38 -44,44,-4 
Study      
(Pujol et al., 2004) yes yes yes yes yes 
(Riffkin et al., 2005) yes yes yes yes yes 
(Valente Jr et al., 2005) yes yes yes yes yes 
(Carmona et al., 2007) yes yes yes yes yes 
(Soriano-Mas et al., 2007) yes yes yes yes yes 
(Yoo et al., 2008) yes yes yes yes no 
(Gilbert et al., 2008a) yes yes yes yes yes 
(Szeszko et al., 2008) yes yes yes yes yes 
(Christian et al., 2008) yes yes yes yes yes 
(Gilbert et al., 2008b) yes yes yes no yes 
(Kopřivová et al., 2009) yes yes yes yes yes 
(van den Heuvel et al., 2009) yes yes yes yes no 
(Matsumoto et al., 2010) yes yes yes yes yes 
(Britton et al., 2010) yes yes yes yes yes 
(Togao et al., 2010) yes yes yes yes yes 
(Lázaro et al., 2011) yes yes yes yes yes 
(Zarei et al., 2011) yes yes yes yes yes 
(Exner et al., 2012) yes yes yes yes yes 
(Hoexter et al., 2013) yes yes no yes yes 
(Huyser et al., 2013) yes yes yes yes yes 
(Hou et al., 2013) yes yes yes yes yes 




(Subirà et al., 2013) yes yes yes yes yes 
(Tang et al., 2013) yes yes yes yes yes 
(Hashimoto et al., 2014) yes yes yes yes yes 
(Spalletta et al., 2014) yes yes yes yes yes 
(Okada et al., 2015) yes yes no yes no 
(Kim et al., 2015b) yes yes yes yes yes 
(Tang et al., 2015) yes yes yes yes yes 
(Jayarajan et al., 2015) yes yes yes yes yes 
Abbreviations: GMV, grey matter volume; IPL, inferior parietal lobe; L, left; MFG, middle frontal gyrus; OCD, obsessive compulsive disorder; R, right; STL, superior 





Table 4.10 Results of the reliability (jackknife) analyses for areas showing increased GMV in OCD patients relative to healthy 
controls 
Increased GMV in OCD versus healthy controls     













 -28,4,-2 24,4,-2 -14,-40,-20 12,-30,-22 -26,-36,62 16,-56,72 22,-38,-16 
Study        
(Pujol et al., 2004) yes yes no yes yes yes yes 
(Riffkin et al., 2005) yes yes yes yes yes yes yes 
(Valente Jr et al., 2005) yes yes yes yes yes yes no 
(Carmona et al., 2007) yes yes yes yes yes yes no 
(Soriano-Mas et al., 2007) yes yes yes yes yes yes yes 
(Yoo et al., 2008) yes yes yes yes no no yes 
(Gilbert et al., 2008a) yes yes yes yes yes yes yes 
(Szeszko et al., 2008) yes yes yes yes yes yes yes 
(Christian et al., 2008) yes yes yes yes yes yes yes 
(Gilbert et al., 2008b) yes yes yes no yes yes no 
(Kopřivová et al., 2009) yes yes yes yes no yes yes 
(van den Heuvel et al., 2009) yes yes yes yes yes yes no 
(Matsumoto et al., 2010) yes yes yes yes yes yes yes 
(Britton et al., 2010) yes yes yes yes yes yes yes 
(Togao et al., 2010) yes yes yes yes yes yes yes 
(Lázaro et al., 2011) yes yes yes yes yes yes yes 
(Zarei et al., 2011) yes yes yes yes yes yes yes 
(Exner et al., 2012) yes yes yes yes yes yes yes 
(Hoexter et al., 2013) yes yes yes yes no yes yes 
(Huyser et al., 2013) yes yes yes yes yes yes yes 
(Hou et al., 2013) yes yes yes yes yes yes yes 




(Subirà et al., 2013) yes yes yes yes yes yes yes 
(Tang et al., 2013) yes yes yes yes yes yes yes 
(Hashimoto et al., 2014) yes yes yes yes yes yes yes 
(Spalletta et al., 2014) yes yes yes yes yes yes yes 
(Okada et al., 2015) yes yes yes yes no yes no 
(Kim et al., 2015b) yes yes yes no yes yes yes 
(Tang et al., 2015) yes yes yes yes yes yes no 
(Jayarajan et al., 2015) yes yes yes yes yes yes yes 






Table 4.11 Results of the reliability (jackknife) analyses for areas showing decreased activation during inhibitory control in ASD 
patients relative to healthy controls 








Study 0,32,22 -44,34,26 44,20,0 -12,-46,-10 -32,-52,54 40,14,50 
(Schmitz et al., 2006) yes yes yes yes yes yes 
(Kennedy et al., 2006) yes yes yes yes yes yes 
(Kana et al., 2007) yes yes yes no no yes 
(Shafritz et al., 2008) yes yes yes yes no yes 
(Vaidya et al., 2011) yes yes yes yes yes yes 
(Fan et al., 2012) yes yes yes yes yes yes 
(Duerden et al., 2013) yes yes yes yes yes no 
(Solomon et al., 2014) yes yes yes yes yes yes 
(Chantiluke et al., 2015b) yes yes yes no yes no 
(Ambrosino et al., 2014) yes yes yes yes yes yes 
(Daly et al., 2014) yes yes yes yes yes yes 
(Shafritz et al., 2015) yes yes no yes yes yes 
Abbreviations: ASD, autism spectrum disorders; DLPFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobe; L, left; MFG, middle frontal gyrus;  r/d ACC/MPFC, 





Table 4.12 Results of the reliability (jackknife) analyses for areas showing increased activation during 
inhibitory control in ASD patients relative to healthy controls 
 Precuneus/PCC R inf. temporal/occipital lobe L mid. temporal gyrus 
Study -4,-40,54 38,-68,-12 -46,-54,6 
(Schmitz et al., 2006) no yes yes 
(Kennedy et al., 2006) no yes yes 
(Kana et al., 2007) yes yes yes 
(Shafritz et al., 2008) yes yes yes 
(Vaidya et al., 2011) yes yes yes 
(Fan et al., 2012) yes yes yes 
(Duerden et al., 2013) yes yes yes 
(Solomon et al., 2014) yes yes yes 
(Chantiluke et al., 2015b) yes no no 
(Ambrosino et al., 2014) yes yes yes 
(Daly et al., 2014) yes yes yes 
(Shafritz et al., 2015) yes yes yes 
Abbreviations: ASD, autism spectrum disorders; inf., inferior; mid., middle; PCC, posterior cingulate cortex; R, right 




Table 4.13 Results of the reliability (jackknife) analyses for areas showing decreased activation during inhibitory control in OCD 
patients relative to healthy controls. 
Decreased activation in OCD versus healthy controls  






Study -2,26,42 14,8,14 30,-46,-16 44,-20,-10 -40,-16,38 -16,-38,38 
(Nakao et al., 2005) yes yes yes yes yes yes 
(Roth et al., 2007) yes yes no yes yes yes 
(Yücel et al., 2007) yes yes yes yes yes yes 
(Gu et al., 2008) yes yes yes no no no 
(Woolley et al., 2008) yes yes yes yes yes yes 
(Page et al., 2009) yes yes yes yes yes yes 
(Fitzgerald et al., 2010) yes yes yes yes yes yes 
(Britton et al., 2010) yes yes yes yes yes yes 
(Schlösser et al., 2010) yes yes yes yes yes yes 
(Huyser et al., 2011) yes yes yes yes yes yes 
(Pena-Garijo et al., 2011)  yes yes yes yes yes yes 
(Kang et al., 2013) yes yes no yes no no 
(Marsh et al., 2014) yes yes yes yes no no 
(Morein-Zamir et al., 2015) yes yes yes yes yes yes 
Abbreviations: L, left; mid., middle; OCD, obsessive compulsive disorder; PCC, posterior cingulate cortex; R, right; STL, superior temporal lobe; v/r/d ACC/MPFC, 





Table 4.14 Results of the reliability (jackknife) analyses for areas showing increased activation during inhibitory control 
in OCD patients relative to healthy controls 
Increased activation in OCD versus healthy controls   
 L insula/putamen/premotor/precentral/VLPFC/STL R premotor L superior parietal 
Study -56,-4,6 36,-8,54 -18,-62,70 
(Nakao et al., 2005) yes no yes 
(Roth et al., 2007) yes yes yes 
(Yücel et al., 2007) no no yes 
(Gu et al., 2008) yes yes yes 
(Woolley et al., 2008) yes yes yes 
(Page et al., 2009) yes yes yes 
(Fitzgerald et al., 2010) yes yes yes 
(Britton et al., 2010) yes yes yes 
(Schlösser et al., 2010) yes yes yes 
(Huyser et al., 2011) yes yes yes 
(Pena-Garijo et al., 2011)  yes yes yes 
(Kang et al., 2013) yes yes no 
(Marsh et al., 2014) yes yes no 
(Morein-Zamir et al., 2015) yes yes yes 
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A. This information applies to Chapters 5, 6 and 7 of this thesis.     
5.1 Introduction 
Autism spectrum disorder (ASD) is a neurodevelopmental disorder 
characterized by social and communication difficulties and stereotyped, repetitive 
behaviours (American Psychiatric Association, 2013) with a prevalence of 0.6-2.0%, 
predominantly in males (Blumberg et al., 2013). Obsessive-compulsive disorder (OCD) 
is characterized by recurrent, intrusive and distressing thoughts (obsessions) and 
repetitive behaviours (compulsions) (American Psychiatric Association, 2013), 
affecting 1-3% of the population with a higher prevalence in males among paediatric 
samples (Ruscio et al., 2010). Rates of comorbidity of OCD in autistic children have 
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been estimated to be as high as 37% (Leyfer et al., 2006). Conversely, estimates of ASD 
rates in OCD patients are lower, around 6% (Ivarsson and Melin, 2008, Murray et al., 
2015). Clinically, compulsions in OCD are sometimes difficult to separate from 
repetitive behaviours in ASD. Both disorders also commonly present with inattention 
and even ADHD, which may in some cases contribute to respective phenotypes 
including attention problems (van der Meer et al., 2012, Brem et al., 2014). These 
overlaps have been attributed to shared genetic risk and biological mechanisms, and 
diagnostic mislabelling (Russell et al., 2016), highlighting a need to improve 
understanding of the underlying neural mechanisms to disentangle comorbidity between 
the disorders and identify novel biomarkers and treatment targets (Cadman et al., 2015). 
Vigilance incorporates sustained attention, or the ability to maintain focus 
toward infrequently occurring stimuli (Parasuraman and Yantis, 1998), and focused 
attention, or the ability to concentrate on one stimulus while excluding the influence of 
others (Benzina et al., 2016). There is evidence for deficits in vigilance and sustained 
attention in ASD (Murphy et al., 2014, Chien et al., 2015), albeit with some negative 
findings (Johnson et al., 2007). In OCD some studies support attention deficits across 
various domains (focused attention, sustained attention, selective attention, attention 
span, information processing) relative to controls (Nakao et al., 2014, Shin et al., 2014, 
Koch and Exner, 2015), while other studies found no deficits (Abramovitch et al., 
2015a, Martoni et al., 2015). However, focused attention is perhaps the most widely 
studied attention domain in OCD, and the majority of studies support focused attention 
deficits (Benzina et al., 2016). Attentional priority to obsessions is a key feature of 
OCD, and OCD individuals have shown self-reported impaired attentional control 
(Armstrong et al., 2011). Thus, impairments in focused and sustained attention 
seemingly fit with clinical characteristics of the disorder and have been supported by the 
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neuropsychological literature (Benzina et al., 2016). Discrepancy is likely due to 
heterogeneous samples and tasks.  
On cognitive and symptom-based measures, ASD has been related to 
inattention. Thus ASD can be characterised by short attention span, and impulsivity and 
inattention symptoms are common (Corbett and Constantine, 2006). Furthermore, ASD 
individuals are typically impaired on neurocognitive measures of sustained and 
selective attention (van der Meer et al., 2012). There is evidence for fronto-striatal, 
parietal and cerebellar abnormalities in ASD during selective and flexible attention 
(Schmitz et al., 2006, Shafritz et al., 2008). Specifically, hypoactivity has been observed 
in ASD in middle-frontal gyrus, caudate and anterior cingulate cortex (ACC) (Fan et al., 
2012). However, only two fMRI studies have measured sustained attention in ASD, one 
in adolescents (Christakou et al., 2013b) and one in a combined sample of adolescents 
and adults (Murphy et al., 2014). These investigations found that ASD individuals 
exhibited decreased activation in left dorsolateral-prefrontal striato-thalamic and parietal 
regions but increased activation in the cerebellum, presumably compensating for frontal 
hypoactivation, and in precuneus, reflecting poor deactivation of the default mode 
network linked to increased mind-wandering (Christakou et al., 2013b). The first cross-
sectional fMRI developmental investigation of sustained attention in ASD found that 
controls, but not ASD individuals, had enhanced activation in inferior and dorsolateral-
prefrontal, striatal, temporal and cerebellar regions with age, suggesting abnormal 
functional maturation of attention networks in ASD (Murphy et al., 2014).  
Clinical symptoms of inattention have been reported especially in paediatric 
OCD patients (Abramovitch et al., 2015b), and OCD patients have shown deficits in 
selective and focused attention (Benzina et al., 2016). Paediatric and adult studies of 
OCD across various cognitive domains have suggested that the disorder is characterized 
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by dysfunctional attention networks involving basal ganglia (BG) and medial and 
orbitofronto-striatal regions (Nakao et al., 2014). However, there is also evidence that 
abnormalities may additionally be driven by dysfunctional temporo-parietal and 
cerebellar networks (Chamberlain et al., 2005, Menzies et al., 2008), supporting 
phenotypes of distracted focused attention to external stimuli and inability to disengage 
from obsessions. Specifically, OCD patients exhibit hypoactivation in lateral-prefrontal 
cortex (PFC), medial-orbitofrontal cortex (OFC) and caudate but increased activation in 
ventrolateral PFC and ACC during selective and other attention-based tasks (Rubia et 
al., 2011, Shin et al., 2014), suggesting top-down ventrolateral PFC and ACC control 
over striatal underactivation. However, no fMRI studies have examined vigilance in 
OCD or compared ASD and OCD.  
Given diagnostic overlap and potential aetiological links between ASD and 
OCD, it is critical to understand neurofunctional mechanisms that are shared/unique 
between these disorders. Work has begun to focus on delineating neural mechanisms 
between these disorders (see Chapter 4; (Carlisi et al., 2016b)), but a comparison in the 
context of attention is lacking. Despite a dearth of robust neurocognitive associations 
between attention problems and these disorders, investigating this domain in ASD and 
OCD may be useful for pinpointing differences/similarities in associated brain networks 
giving rise to clinical phenotypes in each disorder. Thus, this study compared brain 
function of boys with ASD, OCD and typically developing controls during a 
parametrically modulated fMRI vigilance task with increasing sustained attention loads. 
fMRI investigations of psychomotor vigilance using other paradigms (e.g. continuous 
performance test) in healthy adolescents and adults showed activation in inferior and 
dorsolateral-prefrontal, striato-thalamic, parieto-temporal and cerebellar regions (Rubia 
et al., 2009c, Smith et al., 2011). Therefore, we hypothesized that both disorders would 
show underactivation in inferior-frontal and dorsolateral-prefronto-striato-cerebellar 
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sustained attention networks relative to controls and that this effect would be more 
pronounced with increasing attention load. 
5.2 Methods and materials 
5.2.1 Participants 
Sixty right-handed (Oldfield, 1971) boys (twenty typically-developing controls, 
twenty boys with ASD, twenty boys with OCD) 11-17 years, IQ>70 (Wechsler, 1999) 
were included. ASD diagnosis was made by a psychiatrist using ICD-10 criteria (WHO, 
1992) and confirmed with the Autism Diagnostic Interview-Revised (ADI-R; (Lord et 
al., 1994)). The Autism Diagnostic Observation Schedule (ADOS; (Lord et al., 2000)) 
was also completed; all ASD boys reached cut-offs for autism in all domains of the 
ADI-R and ADOS. Based on the structured interview, comorbidity with other disorders 
including OCD was excluded by a consultant psychiatrist. Parents also completed the 
Social Communication Questionnaire (SCQ; (Rutter et al., 2003)) and the Strengths and 
Difficulties Questionnaire (SDQ; (Goodman and Scott, 1999))(see Supplementary 
Information, section 5.6). ASD participants had a physical examination to exclude 
medical disorders and biochemical, hematological and chromosomal abnormalities 
associated with ASD. All ASD boys were medication-naïve.  
Twenty boys with OCD were recruited from a National & Specialist OCD clinic 
at the Maudsley Hospital. OCD diagnosis was made by a psychiatrist/clinical 
psychologist in accordance with ICD-10 criteria after an in-depth, semi-structured 
interview between patient and clinician was used to administer an expanded version of 
the Children’s Yale-Brown Obsessive Compulsive Scale (CY-BOCS; (Goodman et al., 
1989)). Absence of comorbidity, including ASD, was confirmed by a consultant 
psychiatrist after administration of the structured CY-BOCS interview. Parents 
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completed the SDQ. Four OCD boys were prescribed stable doses of selective serotonin 
reuptake inhibitors (SSRIs; see Supplementary Information, section 5.6).  
Twenty healthy age and handedness-matched controls were recruited by 
advertisement and initially screened over the phone for the current or lifetime presence 
of any exclusion criteria including comorbidity. Controls scored below clinical cut-offs 
on the SDQ and SCQ and had no history of any psychiatric or physical comorbidity.  
Exclusion criteria included comorbid psychiatric disorders, medical disorders 
affecting brain development, drug/alcohol dependency, head injury, genetic conditions 
associated with ASD, abnormal brain structural MRI findings and MRI 
contraindications. Thirty-one participants (fifteen controls, sixteen ASD) also 
participated in our fMRI studies of sustained attention in ASD vs. ADHD (Christakou et 
al., 2013b) and functional maturation of sustained attention networks in ASD vs. 
controls (Murphy et al., 2014). Some participants participated in other fMRI tasks 
during their visit, data from which are published elsewhere (Chantiluke et al., 2014a, 
Chantiluke et al., 2014b, Chantiluke et al., 2015a, Chantiluke et al., 2015b). 
The study was conducted in accordance with the Declaration of Helsinki. Ethical 
approval was obtained from the local Research Ethics Committee (05/Q0706/275). 
Study details were explained to child and guardian, and written informed consent was 
obtained for all participants.  
5.2.2 Psychomotor vigilance task 
Subjects practiced the task briefly in a mock scanner. The 12-minute task 
(Murphy et al., 2014) is an adapted variant of psychomotor vigilance and delay tasks 
(Rubia et al., 1998, Drummond et al., 2005) requiring sustained and focused attention 
(Figure 5.1). Subjects responded as quickly as possible within 1-second via a right-
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handed button press upon presentation of a timer counting up in milliseconds from zero. 
A premature response was recorded if the button was pressed before timer presentation. 
The timer appeared after short, predictable delays of 0.5s in series of 3-5 stimuli (260 
total), or after an unpredictable delay of 2, 5 or 8s (20/each), pseudo-randomly 
interspersed into blocks after 3-5 delays of 0.5s. The 0.5s delays are typically 
anticipated, placing a larger demand on sensorimotor synchronization (Miyake et al., 





Figure 5.1 Psychomotor vigilance task 
After a variable delay of 500, 2000, 5000 or 8000ms, a counter appeared on the screen, counting up from 
0 in milliseconds. Subjects had to respond as quickly as possible to stop the counter by pressing a button 











5.2.3 Analysis of performance  
Univariate repeated-measures ANOVAs with group as between-subject factor 
and delay (2/5/8s) as within-subject repeated measure examined group differences and 
delay effects on mean reaction time (MRT), intrasubject response variability (standard 
deviation) of RT (SDintrasubject), and omission errors. 
5.2.4 fMRI acquisition 
Gradient-echo echo-planar MR imaging (EPI) data were acquired on a 3T 
General Electric Signa HDx Twinspeed scanner (Milwaukee, WI) using a quadrature 
birdcage head coil. In each of 22 non-contiguous planes parallel to the anterior-posterior 
commissure, 480 T2*-weighted images depicting blood-oxygenation-level-dependent 
(BOLD) contrast spanning the whole brain were acquired (TE=30ms; TR=1.5s; flip 
angle=60
o
; in-plane resolution=3.75mm; slice-thickness=5.0mm; slice-skip=0.5mm). A 
whole-brain high-resolution structural scan (inversion recovery gradient EPI) on which 
to superimpose the activation maps was also acquired in the inter-commissural plane 
(TE=40ms; TR=3s; flip angle=90
o
; slices=43; slice-thickness=3.0mm; slice-
skip=0.3mm) providing complete brain coverage.  
5.2.5 fMRI analysis 
Event-related activation data were acquired in randomized trial presentation and 
analysed using non-parametric methods (XBAMv4.1, www.brainmap.co.uk (Brammer 
et al., 1997, Bullmore et al., 1999b)). XBAM makes no normality assumptions, uses 
median statistics to control outlier effects, and permutation testing, giving excellent 
type-I error control (Thirion et al., 2007). After pre-processing, time-series analysis for 
individual subjects was based on published wavelet-based data resampling methods for 
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fMRI data (see Supplementary Information, section 5.6) (Bullmore et al., 1999b, 
Bullmore et al., 2001).  
For between-group comparisons, a 3x3 split-plot ANOVA (3 delays, 3 groups) 
tested for group, delay and group-by-delay interaction effects using a randomisation-
based test for voxel or cluster-wise differences (Bullmore et al., 1999b). Less than 1 
false positive activation cluster was expected at p<0.05 (voxel-level) and p<0.01 
(cluster-level). Statistical measures of BOLD response for each participant were then 
extracted in each significant cluster and post-hoc t-tests were conducted to identify 
between-group differences. 
5.2.6 Influence of behaviour, symptoms and medication 
To examine whether activation in regions showing a group-by-delay interaction 
was related to clinical symptoms or task performance, we extracted statistical BOLD 
responses for the longest delay (the delay with the largest group-effect) from these 
clusters and correlated this (Spearman two-tailed) with MRT and SDintrasubject within 
each group. Within diagnostic groups, we correlated BOLD responses from clusters that 
were abnormal relative to controls (e.g. cerebellum/occipital in both groups and the 
other three clusters in OCD-see results) with disorder-relevant symptom measures, 
ADOS social/communication sub-scales for ASD and CY-BOCS scores for OCD. 
To test for medication effects on activation for the OCD boys prescribed SSRIs, 






Groups did not differ on age or IQ (Table 5.1). As expected, groups differed on 
total and sub-scores of the SDQ.  Post-hoc tests showed that on total and peer-relations 
subscales, all patients were impaired relative to controls, but ASD boys were more 
severely impaired than OCD boys (total: all p<0.001; peer: all p<0.05). On emotional 
subscales, both diagnostic groups were impaired relative to controls (p<0.001) but did 
not differ from each other. On prosocial and hyperactivity/inattention subscales, ASD 
boys were impaired relative to controls and OCD boys (p<0.001), who did not differ 















       p value 
Age (years) 15.1 (2.0) 15.2 (1.3) 15.7 (1.4) 0.9 (2,57) 0.43 
IQ 119.7 (11.9) 112.2 (14.4) 117.7 (13.4) 1.7 (2,57) 0.19 
SCQ total score 2.32 (2.3) 18.66 (8.1) - 77.0 (1,47) <0.001 
SDQ total score 5.6 (4.2) 19.7 (6.8) 12.5 (5.6) 35.6 (2,66) < 0.001 
SDQ emotional distress subscale 0.9 (1.8) 4.4 (2.9) 4.4 (2.6) 13.1 (2,66) < 0.001 
SDQ conduct subscale 0.9 (1.1) 2.7 (2.2) 1.9 (1.5) 6.6 (2,66) 0.003 
SDQ peer relations subscale 1.5 (1.7) 6.6 (2.3) 3.3 (3.0) 28.7 (2,66) < 0.001 
SDQ hyperactive 
impulsive/inattentive subscale 
2.7 (2.4) 5.9 (2.6) 3.0 (2.7) 12.5 (2,66) < 0.001 
SDQ prosocial behaviour subscale 8.4 (2.4) 4.4 (2.4) 7.7 (2.6) 18.6 (2,66) < 0.001 
ADOS communication score - 3.6 (1.2) - - - 
ADOS social interaction score - 9.0 (2.3) - - - 
ADOS communication+social - 12.7 (3.1) - - - 
ADOS stereotypy score - 1.5 (1.5) - - - 
ADI communication score - 16.6 (4.7) - - - 
ADI social interaction score - 20.0 (5.3) - - - 
ADI repetitive behaviour score - 6.5 (2.4) - - - 
CY-BOCS total score - - 22.3 (5.8) - - 
CY-BOCS – obsessions - - 10.8 (3.6) - - 
CY-BOCS – compulsions - - 12.0 (3.1) - - 
Abbreviations: ADI, Autism diagnostic interview; ADOS, Autism diagnostic observation schedule; ASD, Autism Spectrum Disorder; CYBOCS, Children’s Yale-Brown 
Obsessive-Compulsive Scale; HC, healthy controls; OCD, obsessive-compulsive disorder; SCQ, social communication questionnaire; SDQ, strengths and difficulties questionnaire 
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5.3.2 Performance data 
Repeated-measures ANOVAs showed no significant within-subjects effect of 
delay on MRT [F(1.7,95.1)=1.99, p=0.15], SDintrasubject [F(2,114)=0.56, p=0.57], or 
omissions [F(1.7,98.8)=0.48, p=0.59].  
There was no significant group-effect on MRT [F(2,57)=1.5, p=0.23], 
SDintrasubject [F(2,57)=0.78, p=0.46] or omissions [F(2,57)=1.00, p=0.37].  
There was no significant group-by-delay interaction effect for MRT 
[F(3.3,95.1)=0.77, p=0.53], SDintrasubject [F(4,114)=1.71, p=0.15], or omissions 
[F(3.5,98.8)=1.82, p=0.14](Table 5.3). 
5.3.3 Movement 
Groups did not differ on minimum [F(2,57)=1.0, p=0.38], maximum 
[F(2,57)=0.3, p=0.76], or mean [F(2,57)=0.003, p=1.00] head translation in 3D-
Euclidian space. 
5.3.4 Group maps of brain activation 
Images of within-group brain activation for each delay (2/5/8s) contrasted 
against 0.5s trials are described in the Supplementary Information, section 5.6 (Figure 
5.4).    
5.3.5 Delay effect 
All subjects showed distributed activation with increasing delay in a bilateral 
network comprising ventromedial/dorsolateral/inferior PFC, anterior/posterior 
cingulate, BG supplementary motor area, temporo-parietal and cerebellar regions and 
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thalamus and hippocampal gyri (see Supplementary Information section 5.6, Figure 
5.5).  
5.3.6 Group effect 
Split-plot ANOVA revealed significant group-effects in left insula/inferior 
frontal gyrus (IFG) extending into pre/postcentral gyrus/superior temporal lobe (STL) 
and right posterior cingulate cortex (PCC)/STL extending into middle temporal lobe 
(MTL)/occipital lobe (Figure 5.2; Table 5.2A).  
Post-hoc analyses showed OCD boys had decreased activation in left insula/IFG 
relative to controls (p<0.001) and ASD boys (p=0.002), who did not differ from 
controls, and in right PCC/STL relative to controls (p=0.002) and ASD boys (p=0.001) 





Figure 5.2 Between-group differences in brain activation between healthy control 
boys, boys with Autism Spectrum Disorder (ASD) and boys with Obsessive-
Compulsive Disorder (OCD) 
Analysis of variance (ANOVA) showing the main effect of group on brain activation for all delays (2s, 
5s, 8s) combined, contrasted against 0.5s trials. Talairach z-coordinates are shown for slice distance (in 
mm) from the intercommissural line. The right side corresponds with the right side of the brain. 
**indicates significant at p<0.005, ***indicates significant at p<0.001. See Appendix B for graphs 
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Table 5.2 ANOVA effects for brain activation differences between boys with ASD, OCD and healthy controls 




(A) Main effect of group 
OCD<HC,ASD  L insula/IFG/pre/ 
postcentral gyrus/STL 
45/44/6/4/43/22 -40,0,-2 49 0.009 
OCD<HC,ASD  R PCC/STL/MTL/ 
occipital lobe 
23/31/22/39/19 29,-63,9 38 0.006 
(B) Group x Delay interaction effects 




-43,11,-2 91 0.0008 
OCD<HC,ASD  L IPL/pre/ 
postcentral gyrus 
40/6/4/3/1 -51,-30,37 48 0.0009 
OCD>ASD,HC rMPFC/superior frontal/ACC 9/10/32 11,56,20 63 0.001 
ASD,OCD>HC Cerebellar vermis/occipital 
lobe/lingual gyrus 
17/18/19 7,-70,-13 49 0.003 
Abbreviations: ACC, anterior cingulate cortex; ANOVA, analysis of variance; ASD, autism spectrum disorder; HC, healthy controls; IFG, inferior frontal gyrus; IPL, inferior 
parietal lobe; MTL, middle temporal lobe; OCD, obsessive-compulsive disorder; PCC, posterior cingulate cortex; rMPFC, rostral medial prefrontal cortex; STL, superior temporal 
lobe. Bold regions indicate cluster peak
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5.3.7 Group-by-delay effects 
Split-plot ANOVA showed significant group-by-delay interaction effects in four 
clusters, one of which overlapped with observed results in the group-effect analysis: left 
insula/IFG extending into precentral gyrus/STL/MTL, left inferior parietal 
lobe(IPL)/pre/postcentral gyrus, rostromedial-prefrontal cortex (rMPFC)/superior 
frontal gyrus/anterior cingulate cortex (ACC), and cerebellar vermis/occipital 
lobe/lingual gyrus (Figure 5.3; Table 5.2B). 
Post-hoc analyses showed that in left IFG/insula (Figure 5.3A) and left 
IPL/pre/post-central gyrus (Figure 5.3B), OCD boys had progressively reduced 
activation with increasing delay (p<0.005) relative to ASD boys and controls (p<0.005), 
who did not differ and who’s activation in this region did not change with delay. In 
rMPFC (Figure 5.3C), OCD boys had increased activation with increasing delay 
(p<0.004). There was no between-group difference in the 2s condition, but for 5s and 
8s, OCD boys had increased activation relative to ASD boys and controls (p<0.005), 
who did not differ and whose activation in this region did not change with delay. In 
cerebellum/occipital lobe (Figure 5.3D), both diagnostic groups had increased activation 
with increasing delay (ASD: p<0.05; OCD: p<0.005) and shared enhanced activation in 





Figure 5.3 Group x Delay interaction between healthy control boys, boys with Autism Spectrum Disorder (ASD) and boys with Obsessive-
Compulsive Disorder (OCD) and delay condition (2s, 5s, 8s)  
Analysis of variance (ANOVA) showing group-by-delay interaction effects on brain activation. Talairach z-coordinates are shown for slice distance (in mm) from the 
intercommissural line. The right side corresponds with the right side of the brain. Red asterisks indicate significant difference between diagnostic group and controls. Black asterisks 
indicate significant difference within group between conditions.  *indicates significance at p<0.05, **indicates significance at p<0.005. See Appendix B for graphs including 
standard error bars.    
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5.3.8 Influence of performance, clinical symptoms and medication 
Within patients, there were no significant correlations between clinical measures 
and brain activation. There was no relationship between performance and activation 
within any of the three groups.   
When medication was covaried, results remained unchanged, suggesting that 
medication did not significantly affect activation differences observed during the task. 
When analyses were repeated excluding these four patients, findings were still observed 
at a more lenient significant threshold of p<0.05, likely as an effect of reduced power to 
detect group-differences.  
5.4 Discussion 
This is the first fMRI study to directly compare boys with ASD and OCD to 
investigate shared/disorder-specific abnormalities in brain function and the first to make 
this comparison using sustained attention. During a parametrically-modulated vigilance 
task, OCD boys had disorder-specific patterns of reduced activation in left lateral-
fronto-parieto-temporal regions but enhanced activation in medial frontal regions with 
increasing task-difficulty relative to controls and ASD boys, who did not differ from 
one another. Both disorders shared enhanced activation relative to controls with 
increasing delay in cerebellum/occipital lobe. 
Neither diagnostic group differed from controls on task performance (MRT, 
SDintrasubject). Across all groups, participants activated distributed ventromedial, 
dorsolateral and inferior-prefronto-striato-thalamic and temporo-parietal networks with 
increasing attention load, suggesting the task elicited the expected brain response, as 
dorsolateral and inferior-fronto-striato-temporo-parietal networks are important for 
maintaining attention (Rubia et al., 2009c, Christakou et al., 2013b). 
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OCD boys had disorder-specific activation decreases relative to controls and 
ASD boys in left insula, IFG and STL, which furthermore showed decreases in 
activation as a function of increasing attention load in OCD but not the other groups. 
The insula is involved in saliency detection and timing functions (Voisin et al., 2006, 
Wiener et al., 2010). Reduced insular and paralimbic activation presumably reflects 
these regions’ role in motivation control which may influence attention (Menon and 
Uddin, 2010). Thus, OCD-specific deactivation in this region may be a disorder-specific 
signature, shifting cognitive resources away from internal thoughts to elicit task-
relevant attention comparable to controls. The insula is furthermore involved in 
switching between task-related central-executive networks and task-unrelated “default 
mode” network activations, suggesting that the insula facilitates ‘dampening down’ of 
default mode activity during sustained attention (Langner and Eickhoff, 2013). Thus, 
OCD-specific decreased insula activation with increasing attention load could relate 
clinically to difficulty maintaining attention toward task-relevant stimuli due to 
attentional priority to task-unrelated internally generated obsessions.  
Left IFG is a key part of the ventral attention network and, along with lateral 
temporo-parietal regions, is important for attention orienting maintenance (Corbetta and 
Shulman, 2002). Investigations of ventral sustained attention systems generally 
implicate right-hemispheric regions (Corbetta et al., 2008, Langner and Eickhoff, 2013) 
(however, see (Vossel et al., 2014) for evidence of left-hemispheric activation). It is 
conceivable that observed left-hemisphere activation reflects sensorimotor effects of the 
right-handed button-press. This particular vigilance task has shown in previous studies 
(Christakou et al., 2013b, Murphy et al., 2014) to elicit predominantly left-lateralized 
activation in fronto-insular regions in healthy adults and children, supported by our 
within-group findings of predominantly left hemispheric fronto-insular activation 
presented in the Supplementary Information, section 5.6. Moreover, this effect could be 
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due to this region’s role in motor timing and sensorimotor synchronization (Wiener et 
al., 2010). There have been age-related findings of increased IFG/insula activation 
during sustained attention and cognitive control between childhood and adulthood 
(Christakou et al., 2009b, Smith et al., 2011), suggesting abnormal functional 
maturation in OCD relative to ASD and controls, in line with structural MRI studies 
showing abnormal white matter development (Gonçalves et al., 2015) and decreased 
cortical thickness in adults with OCD relative to controls (Fouche et al., 2016). Taken 
together, this evidence suggests that abnormal inferior-frontal functional maturation 
may be a potential biomarker for OCD.   
OCD boys also had disorder-specific decreased activation in inferior-parietal 
and superior and middle-temporal regions with increasing attention load relative to 
controls and ASD. Inferior parietal/superior temporal lobes show decreased activation 
as a function of time during vigilance in healthy individuals (Breckel et al., 2011), 
suggesting this effect may be exaggerated in OCD, particularly as the effect was more 
pronounced with increasing delays. Similar reductions in inferior-fronto-parieto-
cerebellar vigilance and motivation networks have been found during sustained 
attention in ADHD adolescents (Rubia et al., 2009b, Christakou et al., 2013b, Hart et 
al., 2013), suggesting abnormalities may represent underlying mechanisms of 
inattention that are disorder-specific to OCD vs. ASD. Interestingly, our previous study 
comparing vigilance in ASD and ADHD (Christakou et al., 2013b) found reduced left 
dorsolateral-prefrontal activation in younger ASD subjects relative to controls, but these 
findings were based on a comparison of ASD to ADHD participants not included in the 
present study, potentially reflecting age-related differences.  
Inferior parietal and temporal regions are involved in attentional orienting to 
time and readjustment of attention after disengagement (Corbetta et al., 2008). Thus, 
reduced activation in this region with increasing delay in OCD but not ASD could 
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suggest that sustained attention is more neurofunctionally impaired in OCD than ASD, 
particularly during increasing attention load. This may be related clinically to a poor 
ability to re-engage with task-relevant attention in OCD individuals if they become 
distracted by intrusive thoughts. 
While OCD participants showed disorder-specific patterns of progressively 
decreased activation with increasing attention load in lateral fronto-parieto-temporal 
regions, they also showed progressively increased activation in medial frontal 
ACC/MPFC relative to ASD boys and controls. MPFC/ACC hyperactivation is a classic 
pattern in OCD during attention-based tasks (Chamberlain et al., 2005), particularly in 
the context of error monitoring (Menzies et al., 2008). Anterior mPFC has been 
implicated in withholding pre-planned responses and seems to facilitate action intention 
across delays (Haynes et al., 2007). Moreover, this region may down-regulate motor 
activity, acting as a control mechanism inhibiting response until target presentation 
(Danielmeier et al., 2011). Thus, increased MPFC activation in OCD with increasing 
attention load as left lateral fronto-temporo-parietal activation decreased could reflect 
compensation to elicit behaviour similar to controls and ASD boys.  
Taken together, OCD-specific findings of reduced left inferior-frontal and 
temporo-parietal but increased MPFC/ACC activation relative to controls is in line with 
common patterns of reduced lateral fronto-temporo-parietal activation/morphology in 
OCD but increased function/morphology in MPFC during inhibition, error monitoring 
and symptom provocation (Radua et al., 2010, Norman et al., 2016) (and see Chapter 4; 
(Carlisi et al., 2016b)). The present findings extend this evidence to attention and 
vigilance, suggesting this pattern may be more characteristic of OCD pathophysiology.  
Both disorders shared increased activation in cerebellar vermis/lingual gyrus 
with increasing delays relative to controls. The cerebellum is implicated in the 
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pathophysiology of ASD (Allen and Courchesne, 2003) and OCD (van den Heuvel et 
al., 2009). In ASD, this fits with enhanced cerebellar vermis activation relative to 
controls and ADHD individuals during sustained attention (Christakou et al., 2013b) 
and may be associated with structural deficits (Stigler et al., 2011) and abnormal fronto-
cerebellar connectivity in ASD (Minshew and Williams, 2007). Moreover, the 
cerebellum has been implicated in attention to time intervals (Coull, 1998), suggesting 
that ASD and OCD share deficits in this aspect of attention orienting involved in 
vigilance to temporal delay. A recent fMRI meta-analysis of sustained attention 
(Langner and Eickhoff, 2013) found that the cerebellar vermis is activated with 
increasing delays, suggesting its role in timing and anticipation of motor responses, in 
line with findings of impaired anticipatory timing in cerebellar lesion patients 
(Diedrichsen et al., 2005). Abnormalities in the lingual gyrus have been linked to 
impaired sustained attention in depression (Yang et al., 2015). The present results 
extend this finding to OCD, suggesting that posterior regions are implicated in circuitry 
relevant to vigilance/attention and impaired in clinical populations associated with 
internal thought and rumination. The finding of progressively increased activation in 
this region in OCD boys relative to controls may compensate for neurofunctional 
impairments in OCD in left lateral inferior-fronto-temporo-parietal attention-related 
regions, leading to preserved task performance in this group.  
Interestingly, while neither disorder showed performance deficits, there were 
shared and disorder-specific neurofunctional abnormalities for OCD relative to ASD.  
There are several explanations for this. Subject numbers required for fMRI studies are 
smaller than those required for neuropsychological analyses, reducing statistical power 
for behavioural analysis. Moreover, the aim of fMRI is to understand differences in 
neural networks between cases and controls during task performance. To relate 
activation differences to pathology and not simply to performance differences, it is 
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important that performance did not differ between groups (Rubia et al., 2010a). Across 
child/adult psychiatry, neurofunctional differences have been demonstrated between 
cases and controls despite comparable task performance (Dickstein et al., 2006, Schmitz 
et al., 2008, Woolley et al., 2008, Halari et al., 2009). Therefore, apparently similar task 
performance is achieved with different neural activation between groups, particularly in 
OCD boys, who showed disorder-specific patterns of decreased lateral inferior-fronto-
temporal and increased medial-frontal activation. It is possible that the increased 
medial-frontal activation may be compensatory in response to reduced lateral inferior 
fronto-temporal activation, suggesting OCD patients relied less on lateral and posterior 
attention mechanisms and more on medial-prefrontal regions for task-performance. 
Conversely, both disorders achieved comparable performance to controls with increased 
cerebellar-occipital activation, which may reflect shared neurofunctional mechanisms of 
enhanced default-mode activity.  
Despite these differences in brain activation, groups did not differ in 
performance. However, this is an advantage, as brain activation was therefore not 
confounded by performance differences. Brain activation is typically more sensitive 
than performance to detect differences between groups in these patient groups (e.g. 
(Fitzgerald et al., 2010, Duerden et al., 2013, Ambrosino et al., 2014, Marsh et al., 2014, 
Chantiluke et al., 2015b, Morein-Zamir et al., 2015)). There was furthermore no 
correlation between clinical measures or task-performance and activation.  While the 
subject numbers have been shown to be sufficient for fMRI analyses (Thirion et al., 
2007), the performance and correlation analyses, however, are underpowered which 
may explain the negative findings.  
This study has several limitations. While patients with psychiatric comorbidities 
were excluded, we cannot rule out the presence of sub-threshold symptoms of other 
disorders such as ADHD. This is in line with the debate around comorbidity versus 
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overlapping phenotypes and their respective contribution to behaviour and clinical 
presentation, particularly in the context of ASD and ADHD (Corbett and Constantine, 
2006). It would have been interesting to investigate correlations with more detailed 
attention-based behavioural questionnaires. Nevertheless, SDQ scores have been shown 
to strongly correlate with inattention symptoms on other measures such as the Child 
Behaviour Checklist (CBCL; (Achenbach, 1991)) (Goodman and Scott, 1999). 
Similarly, a standard OCD measure (e.g. CY-BOCS) was not administered to ASD 
patients. However, absence of OCD comorbidity in ASD individuals was confirmed by 
a psychiatrist based on a structured interview. A study strength is the inclusion of non-
comorbid, medication-free ASD boys. However, four OCD boys were prescribed 
SSRIs. There is evidence for neurofunctional effects of serotonin (Murphy, 2010), but 
after covarying for and excluding medicated patients, findings remained (albeit at a 
slightly more lenient threshold), suggesting medication did not significantly affect brain 
function. Lastly, phenotypes of OCD are closely linked to anxiety (Mataix-Cols et al., 
2004). While anxiety ratings were not collected before scanning, the possibility that 
OCD patients were more anxious compared to the other groups should not be 
discounted. This may partially explain the OCD group’s reduced recruitment of 
attention-related brain regions and suggest that activation differences are indicative of 
anxiety as opposed to fundamental attention problems.  
Future work could compare ASD individuals with and without co-morbid OCD 
to non-comorbid OCD individuals, building on this novel comparison to elucidate the 
mechanisms underlying clinical overlap of ASD and OCD. Moreover, it would be 
interesting to compare these patient groups with attention-related disorders such as 
ADHD to provide further insight into shared and/or disorder-specific neurofunctional 
attention mechanisms.  
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5.5 Conclusions 
This study provides first evidence suggesting that OCD adolescents have 
disorder-specific abnormalities in sustained attention networks including left inferior 
and medial PFC and temporo-parietal regions relative to ASD, who had no frontal 
abnormalities. Findings suggest lateral inferior/medial-fronto-temporo-parietal 
abnormalities during sustained attention may be a distinct neural signature of OCD but 
not ASD. ASD and OCD individuals, however, shared abnormally enhanced activation 
in cerebellum/occipital lobe relative to controls. These results provide promising 
evidence for identification of biomarkers that may clarify underlying mechanisms 
driving sustained attention and respective symptom profiles in autism and OCD. 
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5.6 Supplementary information 
As this chapter has been previously published, supplementary information is presented 
as available online, separate from the main text of Chapter 5: 
DOI: http://dx.doi.org/10.1016/j.bpsc.2016.12.005 
5.6.1 Supplementary methods 
5.6.1.1 Participants 
All but 3 ASD participants scored above clinical threshold for ASD on the 
Social Communication Questionnaire (SCQ; (Rutter et al., 2003)), but these patients 
were included on the basis of clinician-confirmed ASD diagnosis. Six ASD participants 
also scored above threshold for inattention/hyperactivity symptoms on the Strengths and 
Difficulties Questionnaire (SDQ; (Goodman and Scott, 1999)) but were not excluded on 
the basis that attention problems are common in ASD and clinician confirmation that 
ASD symptoms were the sole/primary clinical concern for these patients. 
One OCD patient scored above clinical cut-off for inattention/hyperactivity 
symptoms on the SDQ but was not excluded on the basis that communication and 
attention difficulties can be misconstrued for OCD-related symptoms and the fact that 
no OCD patients met criteria for ASD or ADHD based on clinical interview.  
5.6.1.2 OCD patient medication status 
Patient 1: Sertraline 75mg  
Patient 2: Sertraline 100mg 
Patient 3: Sertraline 200mg 
Patient 4: Fluvoxamine 100mg; risperidone 0.5mg  
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5.6.2 fMRI data analysis methods 
5.6.2.1 Individual analysis 
Data were first processed to minimize motion-related artefacts (Bullmore et al., 
1999a). A 3-D volume consisting of the average intensity at each voxel over the entire 
experiment was calculated and used as a template. The 3D image volume at each time 
point was then realigned to this template by computing the combination of rotations 
(around the x, y and z axes) and translations (in x, y and z) that maximized the 
correlation between the image intensities and the volume in question and the template 
(rigid-body registration). Following realignment, data were then smoothed using a 
Gaussian filter (full-width at half-maximum (FWHM) 7.2 mm) to improve the signal-
to-noise ratio of the images (Bullmore et al., 1999a). Following motion correction, 
global detrending and spin-excitation history correction, time series analysis for each 
subject was conducted based on a previously published wavelet-based resampling 
method for fMRI data (Bullmore et al., 1999b, Bullmore et al., 2001). At the individual-
subject level, a standard general linear modelling approach was used to obtain estimates 
of the response size (beta) to each of the task conditions (2, 5 and 8s long delays) 
against an implicit baseline of 0.5s delays. We first convolved the main experimental 
conditions with 2 Poisson model functions (peaking at 4 and 8s). We then calculated the 
weighted sum of these 2 convolutions that gave the best fit (least-squares) to the time 
series at each voxel. A goodness-of-fit statistic (SSQ ratio) was then computed at each 
voxel consisting of the ration of the sum of squares of deviations from the mean 
intensity value due to the model (fitted time series) divided by that of the squares due to 
the residuals (original time series minus model time series). The appropriate null 
distribution for assessing significance of any given SSQ ratio was established using a 
wavelet-based data re-sampling method (Bullmore et al., 2001) and applying the model-
fitting process to the resampled data. This process was repeated 20 times at each voxel 
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and the data combined over all voxels, resulting in 20 null parametric maps of SSQ 
ratios for each subject, which were combined to give the overall null distribution of 
SSQ ratio. This same permutation strategy was applied at each voxel to preserve spatial 
correlation structure in the data. Individual SSQ ratio maps were then transformed into 
standard space, first by rigid-body transformation of the fMRI data into a high-
resolution inversion recovery image of the same subject, and then by affine 
transformation onto a Talairach template (Talairach and Tournoux, 1988). 
5.6.2.2 Group analysis 
For the group-level analysis, less than 1 false positive-activated 3D cluster was 
expected at p<0.05 (voxel-level) and p<0.01 (cluster-level). A group-level activation 
map was produced for each group and each experimental condition (2, 5 and 8s) by 
calculating the median observed SSQ ratios at each voxel in standard space across all 
subjects and testing them against the null distribution of median SSQ ratios computed 
from the identically transformed wavelet-resampled data (Brammer et al., 1997, 
Bullmore et al., 2001). The voxel-level threshold was first set to 0.05 and tests were 
conducted to identify voxels that might be plausibly activated followed by a test at a 
cluster-level threshold of p<0.01 to remove the false-positive clusters produced by the 
voxel-level test (Bullmore et al., 1999b, Bullmore et al., 2001). Next, a cluster-level 
threshold was computed for the resulting 3D voxel clusters. The necessary combination 
of voxel and cluster level thresholds was not assumed from theory but rather was 
determined by direct permutation for each dataset, giving excellent type-II error control 
(Bullmore et al., 1999b). Cluster mass rather than a cluster extent threshold was used to 
minimize discrimination against possible small, strongly responding foci of activation 
(Bullmore et al., 1999b). 
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5.6.3 Supplementary results 
Table 5.3 Performance data 
Performance 








MRT (ms) 0.5s 300.31 (42.56) 294.12 (54.25) 300.04 (30.40) 
 2s 379.24 (37.16) 404.74 (44.32) 392.99 (43.55) 
 5s 378.29 (45.01) 398.55 (46.69) 388.29 (48.09) 
 8s 386.87 (50.78) 411.60 (54.95) 388.66 (45.38) 
SDintrasubject 0.5s 65.68 (25.33) 85.11 (31.10) 77.06 (30.53) 
 2s 67.08 (29.75) 75.52 (37.26) 69.09 (23.00) 
 5s 54.59 (23.21) 68.35 (31.40) 77.07 (38.10) 
 8s 65.92 (23.93) 70.22 (32.05) 64.28 (31.59) 
Omissions (number) 0.5s 0.60 (1.63) 0.58 (1.61) 0.45 (1.00) 
 2s 0.15 (0.67) 0.05 (0.23) 0.00 (0.00) 
 5s 0.20 (0.89) 0.05 (0.23) 0.00 (0.00) 
 8s 0.30 (1.13) 0.00 (0.00) 0.00 (0.00) 
Abbreviations: ASD, autism spectrum disorder; MRT, mean reaction time; ms, milliseconds; OCD, 
obsessive-compulsive disorder; s, seconds; SD, standard deviation 
 
5.6.3.1 fMRI data – within-group activation results 
Within each group separately (controls, patients with ASD, patients with OCD), 
all groups showed distributed increased activation with increasing delay in a widespread 
network encompassing bilateral cerebellum and occipital lobe, medial and superior 
temporal regions, posterior cingulate cortex, pre and post-central gyrus, insula and 
predominantly right dorsolateral prefrontal cortex extending into supplementary motor 
area as well as subcortical regions including bilateral thalamus and putamen. The OCD 
group (and controls to a lesser extent) also had increasing activation in dorsomedial 
prefrontal regions which was strongest in the 8s condition.  
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Figure 5.4 Within-group brain activation for each delay condition (2, 5, 8s) 
Horizontal sections showing within-group brain activation for each delay condition of 2, 5 and 8 seconds 
for (A) healthy control boys, (B) boys with ASD and (C) boys with OCD. Talairach z-coordinates are 
shown for slice distance (in mm) from the intercommissural line. The right side of the image corresponds 
with the right side of the brain.   
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Figure 5.5 Main effect of delay across healthy controls, boys with ASD and boys 
with OCD 
Horizontal sections showing brain activation across all groups (healthy controls, boys with ASD and 
boys with OCD) with increasing delay (2, 5 and 8 seconds). Talairach z-coordinates are shown for slice 
distance (in mm) from the intercommissural line. The right side of the image corresponds with the right 
side of the brain.   
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CHAPTER 6 - COMPARISON OF NEURAL SUBSTRATES 
OF TEMPORAL DISCOUNTING BETWEEN YOUTH 
WITH AUTISM SPECTRUM DISORDER AND WITH 
OBSESSIVE-COMPULSIVE DISORDER  
This chapter is presented as the final author-submitted manuscript version of the journal 
article which has since been published, as this manuscript was under review at the time 
of writing. The submitted accompanying supplementary information has been re-
incorporated as part of Chapter 6 of this thesis. 
Reference: Carlisi, CO, Norman, LJ, Murphy, CM,
 
Christakou, A, Chantiluke, K, 
Giampietro, V, Simmons, A, Brammer, M, Murphy, DG, MRC AIMS Consortium, 
Mataix-Cols, D, Rubia, K. Comparison of neural substrates of temporal discounting 
between youth with autism spectrum disorder and with obsessive-compulsive disorder, 




Autism Spectrum Disorder (ASD) is characterized by social communication 
difficulties and stereotyped repetitive behaviours (American Psychiatric Association, 
2013) with a prevalence of 0.6-2%, predominantly in males (Blumberg et al., 2013). 
Obsessive-Compulsive Disorder (OCD) is characterized by recurrent, intrusive and 
distressing thoughts (obsessions) and repetitive rituals (compulsions) (American 
Psychiatric Association, 2013), affecting 1-3% of the population with a higher male 
prevalence in paediatric samples (Ruscio et al., 2010). These disorders carry rates of 
comorbidity with one another exceeding 30% (Simonoff et al., 2008) and can 
sometimes be clinically difficult to separate (Doshi-Velez et al., 2014).  
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The allowance of co-diagnosis of OCD with ASD in DSM-5 questions whether 
cognitive phenotypes common to both disorders are mediated by shared or disorder-
specific mechanisms. Converging evidence suggests repetitive behaviours in ASD and 
OCD may be mediated by shared mechanisms including behavioural disinhibition or 
motivation control (Hollander et al., 2007). Such impairments are thought to maintain 
diminished control over repetitive behaviours in ASD and compulsions in OCD and 
involve goal-directed reward-based decision-making. A meta-analysis of structural and 
functional neuroimaging studies comparing ASD and OCD found that both disorders 
share reduced structure and function during cognitive control in medial prefrontal 
regions but that OCD had disorder-specific increased function and structure in basal 
ganglia and insula while ASD had disorder-specific functional reduction in DLPFC and 
reduced PCC deactivation, presumably reflecting disorder-specific fronto-striato-insular 
dysregulation in OCD but fronto-striato-insular maldevelopment in ASD, both 
underpinned by shared reduced prefrontal control  (see Chapter 4; (Carlisi et al., 
2016b)).  
Both disorders also share deficits in so-called ‘hot’ executive functions (EF) 
involving incentives and motivation (Zelazo and Müller, 2007) including reward-based 
decision-making measured by choice impulsivity tasks of gambling and temporal 
discounting (TD) (Hill, 2004, Sanders et al., 2008, Abramovitch et al., 2013, Chen et 
al., 2016). TD requires choosing between receiving small immediate rewards and larger 
later rewards, assessing the extent to which a reward is subjectively discounted when 
delayed in time (Rubia et al., 2009a). The ability to inhibit immediate reward choices 
and wait for larger rewards depends on well-developed frontal lobe-mediated 
motivation control and temporal foresight and is key for adult mature decision-making. 
A delay discounting function is typically hyperbolic, with steeper rates reflecting more 
impulsive choice behaviour (Richards et al., 1999). TD matures with age (Christakou et 
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al., 2011, Steinbeis et al., 2016) and varies among individuals (Odum, 2011), with 
steeper TD observed in younger people and individuals with ADHD and related 
impulsive disorders (Rubia et al., 2009a, Noreika et al., 2013). Functional magnetic 
resonance imaging (fMRI) studies of TD in healthy adults and children implicate 
ventromedial-fronto-limbic regions of reward-based decision-making and dorsolateral 
and inferior-fronto-insula-striato-parietal regions of temporal foresight (Christakou et 
al., 2011, Chantiluke et al., 2014b, Wesley and Bickel, 2014). 
People with ASD have been shown to have deficits in reward-motivated and 
forward-thinking behaviour including reward processing and reversal learning (Scott-
Van Zeeland et al., 2010b, Chantiluke et al., 2015a), incentive processing (Dichter et al., 
2012d), planning (Ozonoff and Jensen, 1999, Geurts et al., 2004, Hill, 2004) and TD 
(Chantiluke et al., 2014b). However, there have also been negative findings (Antrop et 
al., 2006, Demurie et al., 2013). ASD is characterized by abnormalities in fronto-
temporo-limbic structures which mediate socio-emotional processes (Via et al., 2011, 
Philip et al., 2012) (and see Chapter 4; (Carlisi et al., 2016b)), and in 
ventromedial/fronto-limbic brain regions involved in TD (Christakou et al., 2011, Peters 
and Büchel, 2011) during reward-related tasks, particularly those involving monetary 
reward (Schmitz et al., 2008, Dichter et al., 2012d, Kohls et al., 2013), as well as 
planning (Just et al., 2007). However, only one fMRI study has been published 
investigating the neural correlates of TD in ASD adolescents which found a weaker 
relationship between task-performance and bilateral superior temporal and right insular 
activation relative to controls (Chantiluke et al., 2014b).  
Patients with OCD show deficits during planning (van den Heuvel et al., 2011, 
Shin et al., 2014) and reward-based tasks including goal-directed learning (Gillan and 
Robbins, 2014, Voon et al., 2015), reward-based decision-making, gambling (Grassi et 
al., 2015, Figee et al., 2016) and incentive processing (Figee et al., 2011). Despite 
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evidence that heightened impulsivity is a cognitive phenotype associated with OCD 
(Benatti et al., 2014), only one (Sohn et al., 2014) out of 3 studies of TD in OCD (Vloet 
et al., 2010, Pinto et al., 2014, Sohn et al., 2014) found performance deficits in patients. 
Neuroimaging studies show that OCD is characterized by structural and 
functional abnormalities in medial and orbitofronto-striato-thalamo-cortical networks 
mediating EF (Menzies et al., 2008, Radua et al., 2010, Norman et al., 2016) (and see 
Chapter 4; (Carlisi et al., 2016b)). No fMRI studies, however, have investigated the 
neural correlates of TD in OCD. Studies using other reward-based decision-making 
tasks in OCD have found hyperactivity in ventral-affective regions including 
ventromedial prefrontal, orbitofrontal and rostral anterior cingulate cortex (rACC) 
projecting to ventral striatum and mediodorsal thalamus, and hypoactivity in dorsal-
cognitive cortico-striato-thalamic regions including dorsolateral prefrontal (DLPFC), 
temporal and parietal association cortex projecting to the dorsal striatum and caudate in 
patients relative to controls  (Menzies et al., 2008, Brem et al., 2012). Hypoactivation in 
DLPFC and caudate has furthermore been shown in OCD patients relative to controls 
during planning (van den Heuvel et al., 2005b, van den Heuvel et al., 2011).  
This evidence suggests that ASD and OCD have abnormalities during planning 
and ‘hot’ EF tasks including reward-based decision-making, and that this may be 
underpinned by ventromedial and dorsolateral prefronto-striato-limbic abnormalities. 
However, it is unclear whether reward-based decision-making problems in both 
disorders are underpinned by shared trans-diagnostic mechanisms or by disorder-
specific underlying abnormalities.  
We hypothesized that ASD adolescents would be more impaired on TD relative 
to OCD adolescents and controls (Scott-Van Zeeland et al., 2010b, Chantiluke et al., 
2014b, Chen et al., 2016) and that both clinical groups compared to healthy controls 
  216 
would show underactivation in underlying ventromedial prefrontal, limbic and striatal 
regions mediating TD (Fineberg et al., 2009), reflecting a trans-diagnostic 
neurofunctional phenotype (Chantiluke et al., 2015a, Grassi et al., 2015, Chen et al., 
2016). However, we hypothesised that people with OCD would show disorder-specific 
(ventro)medial and dorsolateral-prefrontal dysfunction (Menzies et al., 2008, Norman et 
al., 2016) (and see Chapter 4; (Carlisi et al., 2016b)) while people with ASD would 
show disorder-specific insular and temporo-parietal dysfunction compared to controls 
(Di Martino et al., 2009, Chantiluke et al., 2014b) (and see Chapter 4; (Carlisi et al., 
2016b)).  
6.2 Methods and materials 
6.2.1 Participants 
Sixty-nine right-handed (Oldfield, 1971) boys (20 controls, 29 boys with ASD, 
20 boys with OCD), 11-17 years, IQ>70 (Wechsler, 1999) participated. Medication–
naïve ASD boys were recruited from local clinics and support-groups. ASD diagnosis 
was made by a consultant psychiatrist using ICD-10 research diagnostic criteria (WHO, 
1992) and confirmed with the Autism Diagnostic Interview-Revised (ADI-R; (Lord et 
al., 1994)). The Autism Diagnostic Observation Schedule (ADOS; (Lord et al., 2000)) 
was also completed; all ASD boys reached cut-offs for ASD in all domains on the ADI-
R (social, communication, restricted/stereotyped) and ADOS (communication, social). 
Parents of ASD boys completed the Social Communication Questionnaire (SCQ; 
(Rutter et al., 2003)) and the Strengths and Difficulties Questionnaire (SDQ; (Goodman 
and Scott, 1999)). ASD participants had a physical examination to exclude comorbid 
medical disorders and biochemical, haematological and chromosomal abnormalities 
associated with ASD. All but 5 ASD participants scored above clinical threshold for 
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ASD on the SCQ, and those who did not were included on the basis of a clinician-
confirmed ASD diagnosis. Eight ASD participants scored above threshold for 
inattention/hyperactivity problems on the SDQ, but these patients were not excluded on 
the basis that inattention problems are common in ASD and clinician confirmation that 
ASD symptoms were the sole/primary clinical concern for these patients.  
OCD boys were recruited from local and national OCD clinics. Diagnosis was 
made by a consultant psychiatrist/clinical psychologist using ICD-10 criteria and 
confirmed by the Children’s Yale-Brown Obsessive-Compulsive Scale (CY-BOCS; 
(Goodman et al., 1989)). Parents of OCD patients completed the SDQ. Patients with 
comorbid psychiatric or neurological disorders, including ASD, were not included in the 
OCD sample, although OCD patients were not specifically assessed for ASD. Four boys 
were prescribed stable doses of antidepressants. One OCD patient scored above clinical 
cut-off for inattention/hyperactivity symptoms on the SDQ subscale, but this participant 
was not excluded on the basis that communication and inattention difficulties can be 
conflated with symptoms related to OCD and the fact that no OCD patients met criteria 
for ASD or ADHD based on clinical interview. 
6.2.1.1 OCD patient medication status 
Patient 1: Sertraline 75mg  
Patient 2: Sertraline 100mg 
Patient 3: Sertraline 200mg 
Patient 4: Fluvoxamine 100mg; risperidone 0.5mg 
 
Twenty age and handedness-matched healthy controls were recruited locally by 
advertisement. Controls scored below clinical threshold on the SDQ and SCQ for any 
disorder and did not have any psychiatric condition.  
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Exclusion criteria for all participants included comorbid psychiatric or medical 
disorders affecting brain development (e.g. epilepsy/psychosis), drug/alcohol 
dependency, head injury, genetic conditions associated with ASD, abnormal brain 
structural MRI scan and MRI contraindications. All controls also participated in 
previously published fMRI studies testing fluoxetine effects on TD in ADHD (Carlisi et 
al., 2016a) and neurofunctional maturation of TD in healthy adults and adolescents  
(Christakou et al., 2011);all but 4 ASD boys participated in our fMRI study comparing 
ASD and ADHD during TD (Chantiluke et al., 2014b). Most ASD and control 
participants also participated in other fMRI tasks during their visit, published elsewhere 
(Christakou et al., 2013a, Christakou et al., 2013b, Chantiluke et al., 2014a, Murphy et 
al., 2014, Chantiluke et al., 2015a, Chantiluke et al., 2015b).  
This study was conducted in accordance with the Declaration of Helsinki. 
Ethical approval was obtained from the local Research Ethics Committee 
(05/Q0706/275). Study details were explained to child and guardian, and written 
informed consent was obtained for all participants.  
6.2.2 Temporal discounting fMRI paradigm 
Prior to scanning, subjects practiced the12-minute TD fMRI task (Rubia et al., 
2009a, Christakou et al., 2011, Chantiluke et al., 2014b) in a mock-scanner. Subjects 
choose by pressing a left or right button with right index or middle-finger between 
receiving a small amount of money immediately (£0-£100) or receiving £100 in one 
week, month or year (Figure 6.1). Delays (20 trials each) were randomised, but the 
delayed option (£100) was consistently displayed on the right side of the screen, and 
variable immediate choices on the left, to minimize sensorimotor mapping effects. In 
individually-adjusted TD paradigms (Richards et al., 1997, Christakou et al., 2011), the 
immediate reward is adjusted using an algorithm based on previous choices of the 
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participant for different delays to narrow the range of immediate values offered for each 
delay type, converging towards the value of the participant’s subjective equivalent of 
the fixed delayed reward (Richards et al., 1999). This results in the typically hyperbolic 
delay discounting function.  
Choices were displayed for 4s, followed by a blank screen of at least 8s (inter-
trial-interval: 12s). The amount of immediate reward was adjusted through an algorithm 
based on previous choices and calculated separately for each of the three delays. This 
narrows the range of values, converging on an indifference point where the immediate 
reward is subjectively considered equivalent to the delayed amount for the given delay 
(Rubia et al., 2009a), ensuring comparable numbers of immediate and delayed choices 
for analysis.  
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Figure 6.1 The Temporal Discounting fMRI paradigm 
Subjects were asked to indicate whether they would prefer a small, variable amount of money 
immediately (immediate reward), or whether they would rather wait for a larger delay (up to £100) later 
(delayed reward). An algorithm adjusted the amount of the immediate reward offered based on the 
choices of the participant, so as to determine the lowest immediate reward they would tolerate before 
instead choosing to wait for the larger delayed reward. Three hypothetical delays were presented in 
random order: one week, one month and one year. Each delay choice was presented 20 times. Trials 
started with the presentation of the choice display, which remained available for 4s, within which the 
subject must choose between the immediate (always on left side) and delayed (always on right) rewards. 
Total trial duration was 12s.  
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6.2.3 Analysis of performance data 
To estimate TD steepness for each subject, indifference values between the 
immediate amount and delayed £100 for each delay were calculated, equal to the 
participant’s subjective value of £100 after each delay and defined as the midpoint 
between the lowest chosen immediate reward and the next lowest immediate reward 
available (i.e. the value of the immediate reward offered at which point the subject 
began to instead choose the delayed reward) (Christakou et al., 2011).  
Reward is typically discounted as a decay function depending on amount, delay 
and a free impulsiveness indicator “k”, calculated by fitting a hyperbolic function to the 
indifference values for each delay. Written as V=A/(1+kD), V is the subjective value of 
reward amount A, D is the delay and k is a constant defining the subject’s rate of 
discounting, with larger k reflecting steeper TD (Richards et al., 1999).  
However, the limitations of fMRI task adaption such as relatively few trials and 
only three delay points limits the goodness-of-fit of the data to a non-linear curve 
function. Additionally, distribution of k-values in this study was not normal, skewed by 
low-frequency high-value outliers. Thus, TD was measured using area under the curve 
(AUC) (Myerson et al., 2001). Smaller AUC denotes steeper discounting rates (i.e. 
increased choice-impulsivity). Normalized subjective values of the delayed £100 for 
each delay were plotted against the normalized delays, and AUC of these plots were 
calculated for each participant and used as the main dependent variable. 
One-way between-group analysis of variance (ANOVA) was conducted with 
AUC as dependent measure to examine group differences.  
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6.2.4 fMRI image acquisition 
Gradient-echo echo-planar imaging (EPI) data were acquired at King’s College 
London on a 3T-General Electric SIGNA HDx MRI scanner (Milwaukee, WI) using the 
body coil for radio frequency transmission and a quadrature birdcage head coil for 
reception. In each of 22 non-contiguous planes parallel to the anterior-posterior 
commissure, 480 T2*-weighted MR images depicting BOLD (blood-oxygen level-
dependent) contrasts covering the whole brain were acquired with echo time 
(TE)=30ms, repetition time (TR)=1.5s, flip angle=60
o
, in-plane voxel size=3.75mm, 
slice thickness=5mm, slice skip=0.5mm. This EPI dataset provided almost complete 
brain coverage. A whole-brain high-resolution structural scan (inversion recovery 
gradient EPI) used for standard space normalization of individual activation maps was 
acquired in the inter-commissural plane with TE=30ms, TR=3s, flip angle=90
o
, 
slices=43, slice thickness=3.0mm, slice skip=0.3mm, in-plane voxel-size=1.875mm, 
providing comprehensive coverage. Total scan was 1.5 hours during which subjects 
completed 2-3 additional fMRI tasks. 
6.2.5 fMRI image analysis 
Event-related data were acquired in randomized trial presentation and analysed 
using the non-parametric XBAM software package (v4.1) (www.brainmap.co.uk; 
(Brammer et al., 1997)). The individual and group-level analysis methods are described 
in detail elsewhere (Brammer et al., 1997, Bullmore et al., 1999b, Cubillo et al., 2014). 
6.2.5.1 Individual analysis 
Data were first processed to minimize motion-related artefacts (Bullmore et al., 
1999a). A 3-D volume consisting of the average intensity at each voxel over the entire 
experiment was calculated and used as a template. The 3D-image volume at each time 
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point was realigned to this template by computing the combination of rotations (around 
x, y and z axes) and translations (x, y and z) that maximised the correlation between the 
image intensities and the volume in question and the template (rigid-body registration). 
Following realignment, data were smoothed using a Gaussian filter (full-width at half-
maximum (FWHM) 7.2mm) to improve the signal-to-noise ratio of the images 
(Bullmore et al., 1999a). Following motion correction, global detrending and spin-
excitation history correction, time series analysis for each subject was conducted based 
on previously published wavelet-based resampling methods for fMRI data (Bullmore et 
al., 1999b, Bullmore et al., 2001). At the individual-subject level, a standard general 
linear modelling approach was used to obtain estimates of the response size (beta) to 
each of the task conditions (delayed and immediate reward choices) against an implicit 
baseline. We first convolved the main experimental conditions with 2 Poisson model 
functions (peaking at 4 and 8s). We then calculated the weighted sum of these 2 
convolutions that gave the best fit (least-squares) to the time series at each voxel. A 
goodness-of-fit statistic (SSQ ratio) was then computed at each voxel consisting of the 
ration of the sum of squares of deviations from the mean intensity value due to the 
model (fitted time series) divided by that of the squares due to the residuals (original 
time series minus model time series). The appropriate null distribution for assessing 
significance of any given SSQ ratio was established using a wavelet-based data re-
sampling method (Bullmore et al., 2001) and applying the model-fitting process to the 
resampled data. This process was repeated 20 times at each voxel and the data 
combined over all voxels, resulting in 20 null parametric maps of SSQ ratios for each 
subject, which were combined to give the overall null distribution of SSQ ratio. This 
same permutation strategy was applied at each voxel to preserve spatial correlation 
structure in the data. Individual SSQ ratio maps were then transformed into standard 
space, first by rigid-body transformation of the fMRI data into a high-resolution 
  224 
inversion recovery image of the same subject, and then by affine transformation onto a 
Talairach template (Talairach and Tournoux, 1988). 
6.2.5.2 Group analysis 
A group-level activation map was produced for each group for the experimental 
condition (delayed-immediate choices) by calculating the median observed SSQ ratios 
at each voxel in standard space across all subjects and testing them against the null 
distribution of median SSQ ratios computed from the identically transformed wavelet-
resampled data (Brammer et al., 1997, Bullmore et al., 2001). The voxel-level threshold 
was first set to 0.05 to give maximum sensitivity and to avoid type-II errors. Next, a 
cluster-level threshold was computed for the resulting 3D voxel clusters. The necessary 
combination of voxel and cluster level thresholds was not assumed from theory but 
rather was determined by direct permutation for each dataset, giving excellent type-II 
error control (Bullmore et al., 1999b). Cluster mass rather than a cluster extent threshold 
was used to minimize discrimination against possible small, strongly responding foci of 
activation (Bullmore et al., 1999b).   
6.2.5.3 ANCOVA of between-group effects 
One-way between-group analysis of covariance (ANCOVA) with age as 
covariate was conducted using randomization-based testing to investigate case-control 
differences (Bullmore et al., 1999b, Bullmore et al., 2001). For these comparisons, 
statistical thresholds of 0.05 (voxel-level)/0.015 (cluster-level) were selected to obtain 
<1 false-positive 3D cluster per map. Standardized blood-oxygenation level-dependent 
(BOLD) responses were extracted from significant clusters for each participant and 
plotted to determine effect direction. Post-hoc significance was determined among 
pairwise comparisons using a one-way ANOVA.  
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6.2.5.4 Influence of behaviour, symptoms and medication  
To examine whether clusters showing significant group effects were related to 
TD performance or symptoms, BOLD response from these clusters was extracted for 
each participant and Spearman correlations (two-tailed) were performed with AUC and 
symptom subscales within each group. FMRI analyses were also repeated including 
AUC as covariate.  
Lastly, analyses were repeated excluding the 4 OCD participants prescribed 
medication.   
6.3 Results 
6.3.1 Participant characteristics 
There were no significant group-differences in age and IQ (Table 6.1). 
Multivariate ANOVAs showed group-differences on SDQ scores; Post-hoc tests 
revealed that on total scores, patients scored higher than controls, with ASD being more 
impaired than OCD patients (all p<0.001).  On the emotion subscale, both patient 
groups were more impaired than controls (p<0.001) but did not differ from each other. 
On all other SDQ subscales, ASD patients were significantly more impaired than 
controls and OCD patients (all p<0.005), who did not differ on any measure, with the 
exception of the conduct subscale where ASD patients differed from controls only 
(p<0.001).
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F test (DF) p value 
Age (years) 15.29 (1.8) 14.72 (1.8) 15.74 (1.4) 2.22 (2,66) 0.12 
IQ 118.90 (11.9) 113.17 (13.1) 117.70 (13.4) 1.38 (2,66) 0.26 
SCQ total score 2.32 (2.3) 18.66 (8.1) - 76.98 (1,47) <0.001 
SDQ total score 5.58 (4.2) 19.66 (6.8) 12.45 (5.6) 35.56 (2,66) < 0.001 
SDQ emotional distress subscale 0.93 (1.8) 4.38 (2.9) 4.35 (2.6) 13.12 (2,66) < 0.001 
SDQ conduct subscale 0.86 (1.1) 2.69 (2.2) 1.85 (1.5) 6.55 (2,66) 0.003 
SDQ peer relations subscale 1.53 (1.7) 6.59 (2.3) 3.30 (3.0) 28.72 (2,66) < 0.001 
SDQ hyperactive 
impulsive/inattentive subscale 
2.72 (2.4) 5.93 (2.6) 2.95 (2.7) 12.52 (2,66) < 0.001 
SDQ prosocial behaviour subscale 8.38 (2.4) 4.41 (2.4) 7.65 (2.6) 18.61 (2,66) < 0.001 
ADOS communication score - 3.62 (1.2) - - - 
ADOS social interaction score - 9.03 (2.3) - - - 
ADOS communication+social - 12.66 (3.1) - - - 
ADOS stereotypy score - 1.52 (1.5) - - - 
ADI communication score - 16.59 (4.7) - - - 
ADI social interaction score - 19.97 (5.3) - - - 
ADI repetitive behaviour score - 6.45 (2.4) - - - 
CY-BOCS total score - - 22.33 (5.8) - - 
CY-BOCS – obsessions - - 10.79 (3.6) - - 
CY-BOCS  - compulsions - - 12.01 (3.1) - - 
Abbreviations: ADI, Autism diagnostic interview; ADOS, Autism diagnostic observation schedule; ASD, Autism Spectrum Disorder; CY-BOCS, Children’s 
Yale-Brown Obsessive-Compulsive Scale; HC, healthy controls; OCD, obsessive-compulsive disorder; SCQ, social communication questionnaire; SDQ, 
strengths and difficulties questionnaire
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6.3.2 Performance 
AUC correlated inversely with k (as measured by the square-root transform of 
these values: r=-0.56, p<0.001), suggesting adequate congruency between these two 
metrics. AUC differed between groups [controls: 0.56+0.13; ASD: 0.45+0.24; OCD: 
0.59+0.15; F(2,66)=4.04, p=0.02]. Post-hoc comparisons showed that ASD patients had 
significantly smaller AUC compared to controls (p<0.05) and OCD patients (p<0.01), 
indicating that ASD patients discounted rewards more steeply than the other groups, 
who did not differ from each other.  
6.3.3 fMRI data 
6.3.3.1 Movement 
Multivariate ANOVA showed no group-differences in mean head rotation 
[F(2,66)=1.17, p=n.s.] or translation [F(2,66)=2.59, p=n.s.] in 3-dimensional Euclidian 
space. 
6.3.3.2 Group maps of brain activation for delayed-immediate choices 
Controls 
For delayed – immediate choices, controls activated left putamen, bilateral 
insula and temporo-parietal regions including medial and superior temporal lobe and 
inferior parietal lobe (IPL), as well as posterior cingulate cortex (PCC)/precuneus and 
pre and post-central gyrus. For immediate – delayed choices, controls activated bilateral 
cerebellum and occipital lobe, IPL and right pre/post-central gyrus (Figure 6.2A). 
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ASD patients 
For delayed – immediate choices, ASD patients activated left medial temporal 
lobe and posterior insula, right anterior insula, medial prefrontal cortex (MPFC), 
PCC/precuneus, and right pre-SMA. For immediate – delayed choices, ASD patients 
activated bilateral cerebellum and occipital lobe, IPL, right pre/post-central gyrus, and 
bilateral medial and lateral fronto-striatal regions (Figure 6.2B).  
OCD patients 
For delayed – immediate choices, OCD patients activated left medial temporal 
lobe, bilateral middle temporal gyrus, dorsal MPFC (dMPFC) and PCC/precuneus. For 
immediate – delayed choices, OCD patients activated bilateral cerebellum and occipital 
lobe, IPL and right pre/post-central gyrus (Figure 6.2C). 
 
(A) Healthy controls 
 
(B) ASD patients 
 
(C) OCD patients  
 
 
Figure 6.2 Group activation maps 
Axial slices showing within-group brain activation for the contrasts of delayed-immediate reward choices 
(red) and immediate-delayed reward choices (blue). (A) Healthy controls, (B) ASD patients and (C) OCD 
patients. Talairach z-coordinates are indicated for slice distance (in mm) from the intercommissural line. 
The right side of the brain corresponds to the right side of the image.  
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6.3.3.3 Group effects on brain activation for delayed minus immediate choices 
One-way ANOVA showed a significant group effect for delayed-immediate 
choices in right ventromedial orbitofrontal cortex (vmOFC) extending into 
MPFC/lateral OFC/inferior frontal cortex (IFC), in lateral cerebellum extending into 
occipital lobe/posterior cingulate (PCC)/precuneus, in rACC/vmPFC extending into left 
caudate, in left superior/middle temporal lobe (STL/MTL)/inferior parietal lobe (IPL) 
and in right MTL/STL extending into posterior insula/postcentral gyrus/IPL (Figure 
6.3A; Table 6.2). ANCOVA including AUC as covariate showed that effects in 
rACC/vmPFC and PCC/precuneus were related to task performance.   
Post-hoc analyses based on extracted SSQs showed that abnormalities in 
vmOFC/MPFC/IFC were shared between OCD and ASD patients, who both had 
increased activation to immediate-delayed choices relative to controls (both p<0.001), 
who had more activation in this cluster to delayed choices. In lateral 
cerebellum/occipital lobe/PCC/precuneus, ASD and OCD patients had reduced 
activation to delayed-immediate choices compared to controls (both p<0.001). In 
rACC/vmPFC/caudate, both patient groups had decreased activation to immediate-
delayed choices relative to controls (ASD: p<0.001; OCD: p<0.05), who had enhanced 
activation to immediate-delayed choices, but this effect was more pronounced in ASD 
versus OCD patients at trend-level (p<0.1). Findings in right 
MTL/STL/insula/postcentral gyrus/IPL (all p<0.005) and left STL/MTL/IPL were due 
to shared abnormalities in ASD (p<0.001) and OCD (p<0.005) patients, who had less 
activation to immediate-delayed choices relative to controls who activated this region 
for immediate versus delayed choices (Figure 6.3B). When the four OCD patients 
prescribed medication were excluded from analyses, main findings remained, 





Figure 6.3 Between-group activation differences for delayed minus immediate choices 
 (A) Axial slices showing split-plot analysis of variance (ANOVA) effects of group on brain activation to delayed – immediate choices. Talairach Z coordinates are indicated for slice 
distance (in mm) from the intercommissural line. The right side of the image corresponds to the right side of the brain. 
(B) Extracted statistical measures of BOLD response are shown for each of the three groups for each of the brain regions that showed a significant group effect. Black asterisks 
indicate a significant difference between controls and patient group. Red asterisk indicates a difference between the two patient groups. (*)= significant at a trend level; *=significant 
at the p<.05 level; **=significant at the p<.005 level; ***=significant at the p<.001 level.  
Abbreviations: ASD, autism spectrum disorder; BOLD, blood oxygen level dependent; HC, healthy controls; IFC, inferior frontal cortex; IPL, inferior parietal lobe; LOFC, lateral 
orbitofrontal cortex; L, left; MPFC, medial prefrontal cortex; MTL, middle temporal lobe; OCD, obsessive-compulsive disorder; PCC, posterior cingulate cortex; R, right; rACC, 





Table 6.2 Between-group activation differences for delayed minus immediate choice 
Brain regions of activation difference 
Brodmann Area 
(BA) 
Peak Talairach coordinates 
(x,y,z) 
Voxels Cluster p value 
(A) HC > OCD, ASD 
    
R vmOFC/MPFC/lateral OFC/IFC 47/11/25/10/46 40,56,-13 189 0.009 
PCC/precuneus/occipital lobe/ lateral 
cerebellum 
31/7/19/18/17 -14,-89,4 1060 0.0003 
(B) OCD, ASD > HC     
rACC/vmPFC/left caudate 10/32/24 0,41,4 137 0.01 
L STL/MTL/IPL 22/39/40/7/19 -51,-56,9 273 0.005 




61,-22,9 654 0.001 
Abbreviations: ASD, autism spectrum disorder; HC, healthy controls; IFC, inferior frontal cortex; IPL, inferior parietal lobe; L, left; MTL, middle temporal lobe; 
OCD, obsessive-compulsive disorder; OFC, orbitofrontal cortex; R, right; STL, superior temporal lobe; rACC, rostral anterior cingulate cortex; vmOFC, 
ventromedial orbitofrontal cortex; vmPFC, ventromedial prefrontal cortex 
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6.3.3.4 Correlations between differentially activated brain regions and performance 
Correlations between areas that differed between groups and AUC showed that 
greater activation to delayed-immediate choices in lateral cerebellum/occipital 
lobe/PCC/precuneus was correlated with less-steep TD in the ASD (r=0.66, p<0.001) 
and OCD groups (r=0.45, p<0.05). Greater activation to immediate-delayed choices in 
left STL/IPL correlated with less-steep TD performance in the ASD group (r=-0.41, 
p<0.05). In right MTL/STL/insula/postcentral gyrus/IPL, it correlated with better TD 
performance in both ASD (r=-0.39, p<0.05) and OCD (r=-0.59, p<0.005)
1
.  
6.3.3.5 Correlations between differentially activated brain regions and symptoms in 
patients 
In the ASD group, greater activation to delayed versus immediate choices in 
right vmOFC/MPFC/lateral OFC/IFC correlated at trend-level with lower symptom 
severity on the repetitive behaviour subscale of the ADI-R (r=-0.34, p=0.07). In 
bilateral STL/insula, lower repetitive behaviour symptom severity was related to 
increased activation to immediate versus delayed choices in the ASD group (left: 
r=0.47, p<0.01; right: r=0.42, p<0.05). In the OCD group, increased activation to 
delayed-immediate choices in cerebellum/occipital lobe/PCC/precuneus correlated with 
lower symptom severity on the CY-BOCS compulsions subscale (r=-0.58, p<0.01). 
There were no correlations between activation and other subscales from the CY-BOCS 
in OCD or ADOS/ADI-R in ASD.  
6.4 Discussion 
Results of this first comparison between patients with ASD and OCD on a ‘hot’ 
EF measure of reward-based decision-making showed disorder-specific impaired TD in 
                                                 
1
 Formal comparisons of correlations between groups using Fisher’s r-to-z transformation are reported in 
Appendix C  
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ASD relative to OCD boys and controls. Despite this performance impairment in ASD 
boys, the findings showed predominantly shared neurofunctional deficits in key TD 
areas relative to healthy controls including vmOFC/MPFC/IFC, bilateral temporo-
parietal and cerebellar regions, suggesting that the neural basis of TD is a trans-
diagnostic feature of both disorders. In only one region, ACC/vmPFC extending into 
caudate, ASD boys had, at trend-level, more severe underactivation relative to OCD and 
controls for immediate versus delayed choices. 
The finding of disorder-specific performance impairments in ASD relative to 
OCD boys extends previous findings of impairments in ASD during TD (Chantiluke et 
al., 2014b), although there have been negative findings (Demurie et al., 2012). The 
absence of performance differences between OCD patients and controls is in line with 
previous studies (Vloet et al., 2010, Pinto et al., 2014), although there have been 
positive findings (Sohn et al., 2014). This finding of a TD deficit exclusive to ASD 
lends support to the distinction between impulsive and compulsive behaviours (Robbins 
et al., 2012), suggesting that while both disorders exhibit deficits in top-down cognitive 
control and related circuitry (Dalley et al., 2011), ASD individuals exhibit more 
impulsive decision-making during TD, as evidenced by disorder-specific impairments, 
while OCD patients are more habitually compulsive, supported by intact choice 
behaviour.  
Both patient groups had reduced activation relative to controls to delayed versus 
immediate choices in ventromedial and ventrolateral OFC/IFC. Ventromedial and 
ventrolateral fronto-limbic regions are key temporal foresight areas (Christakou et al., 
2011, Peters and Büchel, 2011). vmOFC has been associated with context-sensitive 
evaluation, e.g. adaptive incorporation of information including value, frequency, cost 
and impact which are integrated to calculate discounted reward value. Moreover, right 
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IFC is a key TD region important for working memory, attention to time and integration 
of external information with internal value representations, supporting goal-directed EF 
and mediation of temporal foresight (Wittmann et al., 2007, Rubia et al., 2009a, Carlisi 
et al., 2016a). It is also a hub region for cognitive control, important for the inhibition of 
immediate reward choices as well as future reward representation and inter-temporal 
bridging (Wiener et al., 2010, Radua et al., 2014b). vmOFC activation has previously 
been shown to be abnormal during reward-related decision-making in both OCD (Bari 
and Robbins, 2013, Stern and Taylor, 2014) and ASD (Dichter et al., 2012d, Kohls et 
al., 2013).  
Compared to controls, who had enhanced activation in PCC/precuneus/occipital 
lobe/cerebellum to delayed-immediate choices, both patient groups showed reduced 
activation in these regions. These areas are important parts of fronto-limbic-parieto-
cerebellar networks involved in motivation, reward evaluation and reward response 
(Vogt et al., 1992, McCoy et al., 2003) and are key for visual-spatial attention 
(Mesulam, 1999). The cerebellum is typically activated during delayed choices in 
healthy populations and has been associated with future outcome expectancy and 
temporal bridging (Smith et al., 2003, Wittmann et al., 2007, Rubia et al., 2009a, 
Wittmann et al., 2010, Christakou et al., 2011, Peters and Büchel, 2011, Noreika et al., 
2013). We previously found similar effects of reduced activation in this region in 
ADHD patients relative to controls during the same task, suggesting that cerebellar 
underactivation maybe a trans-diagnostic feature of disorders that are challenged in TD 
(Rubia et al., 2009a). Moreover, enhanced activation in this region correlated in both 
patient groups with better performance and in the OCD group with lower symptom 
severity, suggesting a link between the integrity of this activation for task performance 
and an association between OCD symptom severity and poorer cerebellar activation. 
This collectively provides first evidence for shared functional abnormalities in 
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ventromedial and ventrolateral fronto-parieto-striato-cerebellar regions between ASD 
and OCD.  
Conversely, relative to controls, who had more activation to immediate-delayed 
choices in rACC/vmPFC reaching into caudate, both patient groups had reduced 
activation to immediate choices in these regions. However, these abnormalities were at 
trend-level more pronounced in ASD relative to OCD. rACC is a key region mediating 
decision conflict (Pochon et al., 2008) and typically is increased in activation with 
decision difficulty during intertemporal choice (Pine et al., 2009). In the context of TD, 
valuation signals in rACC correlate with changes in impulsivity during different 
experimental conditions (Peters and Büchel, 2010), suggesting a role for the 
ACC/MPFC in context-dependent changes in decision-making (Peters and Büchel, 
2011) as well as time accumulation (Wiener et al., 2010). Our recent meta-analysis of 
structural and functional MRI studies also found shared reductions in this region in 
ASD and OCD relative to controls both in volume and in activation during cognitive 
control (see Chapter 4; (Carlisi et al., 2016b)).  In this study, however, we found that 
this dysfunction was trend-wise more impaired in ASD, implying a gradual rather than 
dichotomic effect of more severe impairment in ASD relative to OCD. 
Regarding decreased activation in both patient groups in vmPFC during 
immediate versus delayed choices, we showed previously that vmPFC activation to 
immediate choices during TD increases with age and AUC, indicating an increase in 
delay-tolerant behaviour linked to increased limbic-corticostriatal activation with age 
(Christakou et al., 2013a). In children and adults, steeper TD has been associated with a 
neural imbalance between reduced activation in ventromedial prefrontal and lateral 
frontal systems mediating evaluation of future reward and temporal foresight, and 
reduced top-down control over ventral-striatal and limbic systems which respond to 
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immediate reward (Christakou et al., 2011, Peters and Büchel, 2011, Chantiluke et al., 
2014b). The finding of shared vmPFC reduction in patients relative to controls suggests 
similarly immature patterns of vmPFC-mediated decision-making. Moreover, tasks 
indexing vmPFC functioning and connectivity have shown age-dependent increases in 
sensitivity to future consequences (Crone and van der Molen, 2004) and behavioural 
control during TD (Steinbeis et al., 2016). This link is supported by fMRI findings on 
the Iowa Gambling Task (Bechara et al., 1994) where vmPFC activation mediated 
adaptive decision-making via outcome evaluation and was related to trait impulsivity 
(Christakou et al., 2009a) as well as age-related findings in the vmPFC during TD 
(Christakou et al., 2011, Steinbeis et al., 2016). Moreover, this extends models of 
adolescent development suggesting immature prefrontal control over hyper-responsive 
limbic systems (Casey et al., 2008) by showing that adolescents with OCD and ASD 
may exhibit immature patterns of development within reward-based decision-making 
circuitry.   
The left caudate, which was also underactivated in both patient groups during 
immediate choices, is a key region involved in time discrimination (Smith et al., 2003), 
has been linked to reward expectation and evaluation (Hinvest et al., 2011) and has been 
activated during immediate choices in healthy individuals (Christakou et al., 2011). In 
OCD, OFC-caudate loops are proposed to drive motor impulsivity as well as 
compulsive behaviour (Fineberg et al., 2009, Dalley et al., 2011). Lastly, fronto-striatal 
dopamine has been implicated in ASD and OCD as well as in timing functions (Rubia 
et al., 2009a, Kriete and Noelle, 2015, Figee et al., 2016), suggesting possible shared 
neurochemical aetiology of the underpinnings of abnormalities in these regions. Thus, 
results could suggest that adolescents with ASD and OCD both have problems with 
context-dependent decision-making but that this is more problematic for people with 
ASD, potentially relating to the findings of disorder-specific behavioural deficits in the 
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ASD group. However, the fact that task performance did not correlate with extracted 
brain activation in this region in ASD limits interpretation, although this may be related 
to lower power to interpret behavioural relative to fMRI findings.  
Posterior insula activation to immediate-delayed choices was also enhanced in 
controls but reduced in both patient groups relative to controls. This region is involved 
in reward-presentation and receipt (Elliott et al., 2000) as well as interoception and 
outcome predictability (Singer et al., 2009), is important for saliency detection and 
interacts with other regions to regulate reactivity to salient stimuli (Menon and Uddin, 
2010). Moreover, the insula has been associated with decision-making in the context of 
prior risk (Xue et al., 2010) and is important for the integration of temporal-affective 
information (Elliott et al., 2000) and temporal encoding (Wittmann et al., 2010). The 
insula has been shown to be activated during risky responses, suggesting involvement in 
somatic state evaluation in the context of risk (Paulus et al., 2003). While previous 
studies have found specifically anterior insula activation during TD in children (Rubia 
et al., 2009a) and adults (Tanaka et al., 2004, Bickel et al., 2009, Hinvest et al., 2011), 
the present results highlight a differential role for the posterior insula in reward 
presentation and internal state evaluation (Elliott et al., 2000) during immediate-delayed 
choices and suggest that ASD and OCD share neurofunctional abnormalities in 
posterior insula relative to controls during presentation of rewards and impulsive 
choices. 
Findings of reduced activation to immediate-delayed choices in STL/IPL in 
ASD relative to controls are in line with evidence of weaker brain-behaviour 
correlations in this region in ASD relative to controls during TD (Chantiluke et al., 
2014b) and extend these findings to OCD. These regions are important for temporal 
coding and reward selection (Cardinal, 2006, Christakou et al., 2011), suggesting 
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deficits with planning, consistent with behavioural deficits in this domain in ASD (Hill, 
2004) and OCD (Shin et al., 2014). IPL is involved in inter-temporal bridging and is 
specifically sensitive to delay (Rubia et al., 1998) and attention-allocation to time 
(Ortuno et al., 2002, Coull, 2004, Rubia, 2006), as well as duration encoding 
(Wittmann, 2009) and quantity representation, which may contribute to inter-temporal 
choices regarding the IPL’s role in comparing time and value (Sandrini et al., 2004). 
Correlations between enhanced activation to immediate choices in the patient groups 
and better TD performance suggest that in both groups, this upregulation is related to a 
shift in performance towards that of controls, providing possible mechanistic 
implications of this region in the context of TD behaviour. Moreover, increased 
activation bilaterally in this region in the ASD group correlated with lower levels of 
repetitive behaviours, linking performance improvement and symptom reduction to 
brain activation in these individuals, further highlighting the possible mechanistic 
underpinnings of this region in the context of repetitive behaviours and decision-
making.    
Clinically, the fact that these disorders exhibit shared neural underpinnings 
during TD has implications for identification of trans-diagnostic mechanisms which 
may drive similar behaviours in each disorder.  While symptoms such as compulsions in 
OCD can sometimes appear similar to repetitive behaviours in ASD at an observational 
level, less is known about the mechanistic underpinnings of these behaviours and 
related cognitive functions and whether they are shared or disorder-specific. Thus, this 
first evidence of shared neural abnormalities underlying TD in these two disorders 
sheds light on trans-diagnostic phenotypes that could aid in future treatment targets and 
work toward providing a biological explanation of commonalities and differences in 
clinical behaviour. This has similarly been shown in the case of inhibitory control and 
brain structure/function differences/similarities in a recent meta-analysis comparing 
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ASD and OCD (see Chapter 4; (Carlisi et al., 2016b)), and this study extends this 
understanding to temporal foresight and decision-making. 
This study’s strengths include the thoroughness with which ASD individuals 
were assessed for the presence of ASD-related symptomatology and the exclusion of 
patients with psychiatric comorbidities. However, sub-threshold symptoms may have 
been present in the patient samples.  Thus, it is possible that OCD-related symptoms 
were present in the ASD sample and could account for some of the neurobiological 
overlap in results. Additionally, four OCD patients were prescribed antidepressant 
medication. While there is evidence for effects of serotonin on brain function (Murphy 
et al., 2008, Murphy, 2010), results remained when analyses were repeated excluding 
these patients.  
6.5 Conclusions 
This is the first study to directly compare neural function between these 
disorders and provides novel evidence to suggest that ASD and OCD share trans-
diagnostic neurofunctional abnormalities during TD in ventromedial and ventrolateral 
fronto-striatal and fronto-temporo-parieto-cerebellar regions important for temporal 
foresight and reward-related decision-making. This may drive shared problems with 




CHAPTER 7 - SHARED AND DISORDER-SPECIFIC 
NEUROCOMPUTATIONAL MECHANISMS OF 
DECISION-MAKING IN AUTISM SPECTRUM 
DISORDER AND OBSESSIVE-COMPULSIVE DISORDER  
This chapter is presented as the final author-submitted manuscript version of the journal 
article currently under peer-review. The submitted accompanying supplementary 
information has been re-incorporated as part of Chapter 7 of this thesis. 
7.1 Introduction 
Autism Spectrum Disorder (ASD) is characterised by social and communication 
difficulties and restricted, repetitive behaviours (American Psychiatric Association, 
2013) and affects 0.6-2.0% of the population, with a higher prevalence in males 
(Blumberg et al., 2013). Obsessive-Compulsive Disorder (OCD) is identified by 
recurrent and intrusive distressing thoughts (obsessions) and repetitive rituals 
(compulsions) (American Psychiatric Association, 2013) and has a prevalence of 1-3%, 
with a slightly higher incidence in males in paediatric samples (Ruscio et al., 2010). 
These highly heterogeneous and frequently comorbid disorders can sometimes be 
clinically difficult to separate, as symptoms such as repetitive behaviours in ASD can 
often resemble OCD-related compulsions (Russell et al., 2005). Such overlap has been 
attributed to shared genetic risk and biological mechanisms as well as diagnostic 
mislabelling (Russell et al., 2016), highlighting a need to understand the distinct and 
overlapping underlying neurobiological mechanisms of both disorders.       
Executive functions (EF) are higher-order cognitive functions important for 
goal-directed behaviour and can be conceptualised dichotomously as “cool” EF, 
referring to non-emotional functions including inhibition and working memory, and 
“hot” EF, referring to functions with reward-based motivation including gambling and 
reward learning (Zelazo and Müller, 2007). Cool EF has been widely investigated in 
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ASD and OCD (for reviews, see (Zelazo and Müller, 2007, van Velzen et al., 2014, 
Norman et al., 2016) and Chapter 4; (Carlisi et al., 2016b)). However, relatively less is 
known about the mechanisms underlying reward-related hot EF processes in these 
disorders, as evidence to date has been inconsistent.  
Impaired decision-making has been implicated in both ASD and OCD (Cavedini 
et al., 2006, Luke et al., 2012). The Iowa Gambling Task (IGT) (Bechara et al., 1994) 
has been widely used in healthy populations to measure reward-based decision-making 
and temporal foresight impairments under conditions of ambiguity, as it requires 
reinforcement learning to distinguish between choices that yield large immediate gains 
but even larger losses (risky options) leading to long-term financial losses and decks 
that give small gains but even smaller losses, leading to long-term financial gains at the 
end of the game (safe options). 
There have been only five studies in ASD using the IGT (Johnson et al., 2006, 
Yechiam et al., 2010, South et al., 2014, Mussey et al., 2015, Zhang et al., 2015b), 
showing mixed results. A relatively consistent finding in both children/adolescents 
(Johnson et al., 2006, Yechiam et al., 2010) and adults (Mussey et al., 2015) is that 
ASD individuals shift more frequently between choices, possibly due to difficulties with 
implicit learning (Johnson et al., 2006) or exploration-focused learning strategies 
(Yechiam et al., 2010). Another study in adults with ASD found that the ASD group 
had worse performance, preferring disadvantageous decks (Zhang et al., 2015b). 
However, one study (South et al., 2014) in children/adolescents found superior 
performance in ASD adolescents relative to controls, explained by a “loss-avoidance” 
style of decision-making in the ASD group in contrast to a “reward-seeking” style often 
observed among typically developing adolescents (Smith et al., 2012).  
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There have been relatively more studies using the IGT in adults with OCD (e.g. 
(Purcell et al., 1998, Cavedini et al., 2002, Cavallaro et al., 2003, Olley et al., 2007, 
Cavedini et al., 2010, Starcke et al., 2010, Rocha et al., 2011, Grassi et al., 2015, Kim et 
al., 2015a)). The majority show impaired decision-making in patients relative to 
controls, with patients preferring large immediate rewards and not learning from losses, 
although there have also been negative findings (Nielen et al., 2002, Lawrence et al., 
2006, Krishna et al., 2011). Only one study was conducted in children with OCD using 
the IGT which found that patients performed worse relative to controls and that this was 
related to symptom severity during the most severe period of illness (Kodaira et al., 
2012).  
The IGT taps a range of cognitive processes including reward-related decision-
making, reward sensitivity, loss aversion, temporal foresight, inhibitory control (to 
inhibit the contextual ‘thrill’ of immediate gains), and exploratory behaviour. Thus, to 
clarify IGT performance impairments (or lack thereof) in both clinical groups, it is 
important to investigate these cognitive and motivational factors on a more nuanced 
level to better characterise task-performance, and computational modelling is a useful 
tool for this (Huys et al., 2016).  
Similar performance deficits could also be mediated by differing underlying 
neurofunctional networks. No functional magnetic resonance imaging (fMRI) studies, 
however, have yet investigated the neural correlates of decision-making under 
ambiguity in ASD or OCD using the IGT. In healthy individuals, the IGT activates 
dorsolateral and ventromedial prefrontal, insular, posterior cingulate, orbitofrontal and 
ventral striatal regions during the various stages of the decision-making process (Li et 
al., 2010). In light of a dearth of evidence in ASD and OCD specifically on the IGT, 
evidence can be compiled from studies examining related reward-based decision-
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making processes; during tasks of temporal discounting (Chantiluke et al., 2014b) and 
reversal learning (Chantiluke et al., 2015a), adolescents with ASD have shown 
abnormalities in related fronto-temporo-limbic systems mediating executive processes 
(see Chapter 4; (Carlisi et al., 2016b)) and ventromedial/fronto-limbic regions important 
for reward-related functions, especially those involving monetary gain/loss (Kohls et al., 
2013). OCD has traditionally been conceptualized as a disorder of abnormalities in 
ventral affective systems including (orbito)fronto-striato-thalamo-cortical networks as 
well as in lateral orbitofrontal-striatal systems important for cognitive/inhibitory control 
(Zelazo and Müller, 2007, Menzies et al., 2008) (and see Chapter 4; (Carlisi et al., 
2016b)). fMRI studies involving reward-related decision-making support evidence for 
abnormalities in both motivation control as well as cognitive control regions by 
showing that OCD patients relative to controls have hyperactivity in ventromedial 
prefrontal, orbitofrontal and anterior cingulate cortex (ACC) regions projecting to 
ventral striatum and medio-dorsal thalamus, and underactivation in cortico-striato-
thalamic regions including dorsolateral prefrontal cortex (DLPFC), temporal and 
parietal cortices and BG (Menzies et al., 2008, Brem et al., 2012). 
The relative lack of consistent findings in ASD and OCD on the IGT highlights 
a need for a better understanding of neurocognitive phenotypes of reward-based 
decision-making in these disorders. Recent efforts such as the Research Domain Criteria 
(RDoC (Insel et al., 2010)) stress the importance of investigating trans-diagnostic 
phenotypes which may be underpinned by shared and/or disorder-specific 
neurofunctional mechanisms. Thus, we compared adolescents with ASD to those with 
OCD and typically developing controls to investigate shared and disorder-specific brain 
function abnormalities during the IGT and compared reinforcement-learning models to 
examine fine-grained differences in behavioural factors that might underlie overall 
decision-making. We hypothesized that both patient groups would be impaired on some 
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aspect of task performance (Grassi et al., 2015, Zhang et al., 2015b), and more 
specifically that ASD individuals would show lower choice-consistency (Johnson et al., 
2006, Yechiam et al., 2010). We tested whether differences were due to more nuanced 
shared or disorder-specific differences in decision-making styles. Based on evidence 
from IGT studies in healthy individuals showing that reward-based decision-making 
may be driven by dorsolateral and ventromedial/orbitofronto-striato-limbic function (Li 
et al., 2010, Christakou et al., 2013a), we hypothesised that both groups would show 
abnormalities in these networks (Christakou et al., 2011, Brem et al., 2012). 
Furthermore, based on prior evidence of neurofunctional reward-related deficits in the 
two disorders, we hypothesised that both disorders would show abnormal reward 
processing in ventromedial-fronto-temporo-limbic (Kohls et al., 2013) regions 
important for reward-based decision-making and temporal foresight required by the task 
(Menzies et al., 2008).  However, we also expected disorder-specific stronger deficits in 
OCD, in orbitofrontal regions and in ASD in ventral striatal and anterior cingulate 
regions based on respective deficits in these regions observed in each disorder  
(Menzies et al., 2008, Kohls et al., 2013). 
7.2 Methods and materials 
7.2.1 Participants 
64 right-handed (Oldfield, 1971) boys (20 typically-developing control boys, 24 
boys with ASD, 20 boys with OCD), 11-17 years-old, IQ>70 (Wechsler, 1999) 
participated. Medication-naïve ASD boys were recruited from local clinics. Clinical 
ASD diagnosis was made by a consultant psychiatrist using ICD-10 research diagnostic 
criteria (WHO, 1992) and confirmed using the Autism Diagnostic Interview-Revised 
(ADI-R (Lord et al., 1994)). The Autism Diagnostic Observation Schedule (ADOS 
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(Lord et al., 1989)) was also completed. All ASD boys reached clinical thresholds in all 
domains on the ADI-R (social, communication, restricted/stereotyped) and ADOS 
(communication, social). Parents of ASD boys also completed the Social 
Communication Questionnaire (SCQ (Rutter et al., 2003)) and the Strengths and 
Difficulties Questionnaire (SDQ (Goodman and Scott, 1999)). ASD participants had a 
physical examination to exclude comorbid medical disorders and any abnormalities 
associated with ASD. Individuals with comorbid psychiatric conditions, including OCD 
and ADHD, were not included.   
All but 3 ASD participants scored above clinical threshold for ASD on the SCQ, 
but these patients were included on the basis of clinician-confirmed ASD diagnosis. Six 
ASD participants also scored above threshold for inattention/hyperactivity symptoms on 
the SDQ but were not excluded on the basis that attention problems are common in 
ASD and clinician confirmation that ASD symptoms were the sole/primary clinical 
concern for these patients. 
 OCD boys were recruited from the Maudsley Hospital National & Specialist 
OCD clinic. Diagnosis was made by a consultant clinician using ICD-10 criteria and 
confirmed with the Children’s Yale-Brown Obsessive-Compulsive Scale (CY-BOCS 
(Goodman et al., 1989)) and ancillary symptom checklist. Parents of OCD boys also 
completed the SDQ. OCD patients with comorbid psychiatric or neurological 
conditions, including ASD and ADHD, were excluded. Four boys were prescribed 
stable doses of antidepressants. 
One OCD patient scored above clinical cut-off for inattention/hyperactivity 
symptoms on the SDQ but was not excluded on the basis that communication and 
attention difficulties can be misconstrued for OCD-related symptoms and the fact that 
no OCD patients met criteria for ASD or ADHD based on clinical interview.  
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7.2.1.1 OCD patient medication status 
Patient 1: Sertraline 75mg  
Patient 2: Sertraline 100mg 
Patient 3: Sertraline 200mg 
Patient 4: Fluvoxamine 100mg; risperidone 0.5mg 
 
Twenty age- and handedness-matched typically-developing control boys were 
recruited locally by advertisement. Controls did not meet clinical threshold on the SDQ 
and SCQ for any disorder and did not have a current or lifetime history of any 
psychiatric condition.  
Exclusion criteria for all subjects were comorbid psychiatric/medical disorders 
affecting brain development (e.g. epilepsy/psychosis), drug/alcohol dependency, history 
of head injury, genetic conditions associated with autism, abnormal structural MRI 
scans and MRI contraindications. Controls also participated in our fMRI study testing 
maturation of decision-making on the IGT, published previously (Christakou et al., 
2013a). Most ASD and control participants also participated in additional fMRI tasks 
during their visit, published elsewhere (Christakou et al., 2011, Christakou et al., 2013b, 
Chantiluke et al., 2014a, Murphy et al., 2014, Chantiluke et al., 2015a, Chantiluke et al., 
2015b, Carlisi et al., 2016a). 
This study was conducted in accordance with the Declaration of Helsinki. 
Ethical approval was obtained from the local Research Ethics Committee 
(05/Q0706/275). Study details were explained to participants and guardians. Written, 
informed assent/consent was obtained for all participants, and individuals were 
compensated for their time and travel expenses.  
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7.2.2 Iowa Gambling Task  
The fMRI version of the IGT used in this study is described in detail elsewhere 
(Christakou et al., 2009a, Christakou et al., 2013a) and depicted in Figure 7.1. Briefly, 
on each of 80 trials, participants were presented with four card decks (A/B/C/D) on a 
screen and instructed to choose any deck by pressing the corresponding button with the 
right hand on an MR-compatible 5-button response box. They were instructed to win as 
much money as possible by the end of the task. They were only told that sometimes 
they would win money and sometimes they would lose money, and that some decks 
might be better than others. They were also told that their final amount won on the task 
would determine how much of a maximum £30 they would receive as compensation (in 












Figure 7.1 The Iowa Gambling Task fMRI adaptation 
Adapted from Christakou et al., 2013. Subjects were presented with 4 decks of cards, A, B, C and D and 
given 3 seconds to choose any deck. After a choice was made, the chosen deck was overlaid with a 12 
segment wheel, counting down for 6 seconds before the top card on the chosen deck was revealed. 
Winning cards were green, displaying the amount won and a happy face below the deck. Losing cards 
were red, displaying the amount lost and a sad face below the deck. All subjects started the task with 
£2000, indicated along the bottom of the screen by the red bar. Total gains were reflected by the green 








Decks A and B were termed disadvantageous or “risky” decks because they 
returned relatively large gains (£190/£200/£210) but even larger losses 
(£240/£250/£260), leading to an overall net loss, whereas decks C and D were 
advantageous or “safe” because they returned small gains (£90/£100/£110) but even 
smaller losses (£40/£50/£60), resulting in a net gain. There was a 50% probability of 
winning or losing on each deck.  
Task-performance is summarised by the ratio of advantageous choices to total 
choices or, the number of cards picked from decks C+D divided by the total number of 
cards picked (A+B+C+D). This ratio is proportional to the “net score” ((C+D)-(A+B)) 
frequently used when quantifying performance on the IGT (Bechara et al., 1994) 
without giving negative values. Ratios above 0.5 denote preference for safe relative to 
risky decks, while a ratio below 0.5 implies perseveration on risky choices despite 
accumulating losses. Responses where reaction time (RT) was less than 200ms were 
considered ‘premature’ and these trials were not included in analyses (Thorpe et al., 
1996).  
This IGT task adaptation differs from other fMRI versions (e.g. (Lawrence et al., 
2009)) in that choice was temporally separated from its outcome, haemodynamically 
decoupling choice and outcome evaluation, allowing separate examination of each. 
Subjects were given 3 seconds to respond. Following each choice, the chosen deck was 
superimposed with a 12-segment wheel ticking down every 0.5s for a total 6s until 
outcome presentation. If no response was made, the trial progressed directly to a blank 
screen for 9s. Positive (win) and negative (loss) outcomes were indicated by a happy or 
sad face presented below the deck and the amount won or lost indicated on the card. 
Outcomes were presented for 3s. Trials lasted 15s, ending with a blank screen after 
outcome presentation, serving as an implicit baseline in the fMRI analysis. Omitted 
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trials were excluded from analyses. The length of each inter-trial interval (ITI) was 
determined by the RT, which jittered trial events so as to maintain a 15s total trial 
duration. As these manipulations lengthened trial and task duration compared to other 
behavioural variants, this version of the task included 80 trials rather than the typical 
100 trials (Bechara et al., 1994, Lawrence et al., 2009). Total task time was 21mins. 
Before testing, participants practiced the task in a mock scanner, where 10 test trials 
presented equal payoffs across decks.  
7.2.3 Computational modelling 
The IGT requires decision-making based on the learned outcomes of previous 
choices. Performance on the IGT can be influenced by a range of factors including 
learning rates, reward and loss sensitivity, or inconsistent responding (Ahn et al., 2014). 
Thus, computational approaches are especially useful for understanding the processes 
underlying IGT performance. We used hierarchical Bayesian analysis (HBA) 
implemented within the hBayesDM R package (https://cran.r-
project.org/web/packages/hBayesDM/index.html) for computational modelling of IGT 
performance (Ahn et al., 2016). For further details of the methods, rationale and 
advantages of HBA over other modelling methods (e.g. maximum likelihood 
estimation), see (Lee, 2011). HBA involves preparation of trial-by-trial task data for 
each participant, model fitting and comparison of three commonly used and validated 
models of the IGT: the Prospect Valence Learning (PVL)-Decay Reinforcement 
Learning (RI) model, the PVL-Delta model and the Value-Plus-Perseverance (VPP) 
model (Worthy et al., 2013a, Ahn et al., 2014, Steingroever et al., 2014).  
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7.2.3.1 The PVL-DecayRI and PVL-Delta models 
In the prospect valence learning models, outcome evaluation is assessed 
according to the prospect utility function. The utility u(t) on trial t of each outcome x(t) 
is expressed as: 
𝑢(𝑡) =  
𝑥(𝑡)𝑎                𝑖𝑓 𝑥(𝑡) ≥ 0
−𝜆|𝑥(𝑡)|𝑎           𝑖𝑓 𝑥(𝑡) < 0
          (1) 
α (0< α<2) determines the shape of the utility function, and the loss-aversion 
parameter 𝜆 (0< 𝜆 <10) determines sensitivity to losses versus gains. Higher α implies 
greater sensitivity to feedback, and a value of λ<1 indicates higher sensitivity to gains 
than losses (whereas λ>1 indicates the opposite).  
The PVL models are identical except that they use different learning rules. The 
parameter A determines how much past expectancy is discounted; in the decayRI 
learning rule, expectancies of all decks are discounted on each trial, and the expectancy 
of the chosen deck is updated by current outcome utility: 
𝐸𝑗(𝑡 + 1) = 𝐴 ⋅ 𝐸𝑗(𝑡) + 𝛿𝑗(𝑡) ⋅ 𝑢(𝑡)          (2) 
In the delta rule, only the expectancy of the selected deck is updated while 
expectancies of the other decks is unchanged: 
𝐸𝑗(𝑡 + 1) = 𝐸𝑗(𝑡) + 𝐴 ⋅ 𝛿𝑗(𝑡) ⋅ (𝑢(𝑡) − 𝐸𝑗(𝑡))          (3) 
Thus, learning rate A determines how much weight is placed on past experiences 
vs. most recent experience of the chosen deck. A high learning rate indicates that the 
recent outcome has a large influence on expectancy of the chosen deck (i.e. ‘forgetting’ 
is more rapid) while a low learning rate indicates the opposite. Next, a softmax function 
(Luce, 1959) is used to calculate the probability of choosing deck j, with sensitivity (𝜃) 
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determining the degree of exploitation vs. exploration. c is a choice consistency 
(sensitivity) parameter: 




          (4) 
7.2.3.2 Value-Plus-Perseverance model 
Evidence suggests that participants frequently use a win-stay-lose-switch 
(WSLS) strategy, that is, a perseverative strategy that cares only about the last choice’s 
outcome for making a choice on the current trial during reward-based learning and 
decision-making (Worthy et al., 2013b). Based on a model comparison between the 
PVL-DecayRI and WSLS models showing that each model respectively was the best fit 
for only half of the subjects investigated, a hybrid VPP model was developed (Worthy 
et al., 2013b) combining the PVL-Delta and perseverance heuristic. This model assumes 
that individuals track expectancies (Ej(t)) and perseverance strengths (Pj(t)); 
expectancies are computed using the learning rule of the PVL-Delta model, and three 
additional perseverance parameters are included:  
𝑃𝑗(𝑡 + 1) =
𝑘 ⋅ 𝑃𝑗(𝑡) + 𝜀𝑝        𝑖𝑓 𝑥(𝑡) ≥ 0
𝑘 ⋅ 𝑃𝑗(𝑡) + 𝜀𝑛           𝑖𝑓 𝑥(𝑡) < 0
          (5) 
k (0<k<1) determines how much perseverance strengths of all (including 
unselected) decks decay on each trial, and εp and εn indicate loss/gain impact, 
respectively, on choice behaviour. Positive values reflect a tendency to persevere on the 
same deck, while negative values indicate a tendency to switch decks on the next trial. 
Overall value, Vj(t+1) is the weighted sum of Ej(t+1) and Pj(t+1): 
𝑉𝑗(𝑡 + 1) = 𝜔 ⋅ 𝐸𝑗(𝑡 + 1) + (1 − 𝜔) ⋅ 𝑃𝑗(𝑡 + 1)          (6) 
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ω is the reinforcement learning (RL) weight (0<ω<1); a low ω indicates the 
subject relies less on RL/more on perseverance. Choice probability was again computed 
using the softmax function, but with Vj(t+1): 




          (7) 
7.2.3.3 Hierarchical Bayesian analysis 
HBA is a more suitable approach for parameter estimation compared to e.g. 
Maximum Likelihood Estimation (MLE) for considering individual differences through 
the use of posterior distributions and Markov chain Monte Carlo (MCMC) sampling 
algorithms (Ahn et al., 2014). Parameter estimates obtained through traditional methods 
such as MLE are generally estimated at the individual level from point estimates that 
maximize the likelihood of data for each individual subject (Myung, 2003). However, 
these MLE estimates can be noisy, particularly in samples with insufficient amounts of 
data. To address this, group-level analysis estimating a single set of parameters for an 
entire group may provide more reliable estimates but consequently ignores fine-grained 
individual differences (Ahn et al., 2016).  
Bayesian statistics rely on the use of prior distributions, estimating model 
parameters and updating these prior using posterior distributions on a trial-by-trial basis 
given the data using Bayes’ rule. In HBA, hyper-parameters are derived in addition to 
parameters introduced at the individual level (Gelman et al., 2014a). These hyper-
parameters are set with group-level means and standard deviations, where the resulting 




∝ 𝑃(𝐷|Θ)𝑃(Θ|Φ)𝑃(Φ)         (8) 
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This hierarchical structure of HBA leads to a “shrinkage effect”, i.e. individual 
estimates are pulled closer to the group mean because they inform the group’s estimate, 
which in turn informs the estimates of each individual (Gelman et al., 2014a). As a 
result, parameter estimates of each individual tend to be more stable and less noisy, as 
common factors among individuals are informed by group tendencies. This HBA 
approach is particularly beneficial when e.g. the number of trials is too small to 
precisely estimate individual parameters for each subject, as is likely the case in the 80-
trial version of the IGT used in this study. Such advantages have been demonstrated by 
simulation studies showing that HBA outperforms MLE in parameter recovery (Ahn et 
al., 2011). Lastly, HBA provides full posterior distributions rather than point estimates, 
thus facilitating group comparisons in a Bayesian manner (Guitart-Masip et al., 2012). 
For further information on HBA and its implementation in hBayesDM, refer to (Ahn et 
al., 2016).  
7.2.3.4 Model fitting and comparison 
Posterior inference for all models was performed via Markov Chain Monte 
Carlo (MCMC) sampling implemented in RStan (http://mc-stan.org/interfaces/rstan). 
Stan (v2.1.0 (Carpenter et al., 2016)) uses a specific probabilistic sampler called 
Hamiltonian Monte Carlo (HMC) to sample from the posterior distribution. For details, 
see (Kruschke, 2014, Ahn et al., 2016) and the Stan reference manual (http://mc-
stan.org/documentation/).   
hBayesDM enables model fit assessment and post-hoc comparison via Widely 
Applicable Information Criterion (WAIC) (Watanabe, 2010). This index is obtained by 
computing the summed point-wise log-likelihood per participant, accounting for the fact 
that in the IGT, choices on a given trial are dependent on previous choices (Gelman et 
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al., 2014b). Smaller WAIC scores denote better model-fit, and overall fit is assessed by 
adding WAIC scores from each group for each model. 
7.2.4 Statistical analysis 
All analyses were conducted in JASP (v0.7.5.6; https://jasp-stats.org/) using 
Bayesian analysis based on posterior probabilities rather than frequentist p-values, 
which rely on the sampling intentions of the investigator. JASP pre-defined priors were 
used. Models were favoured if BF10>10, indicating strong evidence for the tested model 
over the null hypothesis. In instances where BF10 was sufficiently large (>1000), 
Log(BF10) is reported, where values >1 indicate strong evidence for the model. For 
clarity, where appropriate, we also report null-hypothesis significance test (NHST) 
results, including p-values.  
ANOVAs tested for group-differences in demographic and questionnaire 
measures, and in task performance. Group-differences in mean parameter estimates 
were assessed by each parameter’s highest density interval (HDI), i.e. the range of 
parameter values which spans 95% of the distribution in a pairwise comparison (Ahn et 
al., 2014). A parameter was considered to significantly differ between groups if the HDI 
did not overlap 0. Kendall’s Tau rank correlations were conducted to test for 
associations between task performance, symptoms and brain activation.  
7.2.5 fMRI acquisition 
Gradient echo echo-planar magnetic resonance imaging data were acquired on a 
GE Signa 3-Tesla scanner (General Electric, Waukesha WI) at the Centre for 
Neuroimaging Sciences, King’s College London, using a semi-automated image 
quality-control procedure (Simmons et al., 1999). A quadrature birdcage head coil was 
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used for radiofrequency transmission and reception. In each of 22 non-contiguous 
places, we acquired 800 T2*-weighted images depicting blood oxygenation-level 
dependent (BOLD) response covering the whole brain (echo time (TE)=30ms, repetition 
time (TR)=1.5s, flip angle=60
o
, in-plane resolution=3.75mm, slice thickness=5.0mm, 
slice skip=0.5mm). A whole-brain high-resolution structural image with 43 slices was 
also acquired (TE=40ms, TR=3s, flip angle=90
o
, slice thickness, 3.0mm, slice skip=0.3 
mm).  
7.2.6 fMRI data analysis 
fMRI data were analysed using a non-parametric permutation-based software 
developed at the Institute of Psychiatry, Psychology and Neuroscience (XBAM v4.1; 
http://brainmap.co.uk) which avoids issues such as false positives that are related to 
parametric statistical analyses (Eklund et al., 2016). In contrast to normal theory-based 
inference, this approach minimizes assumptions and uses median rather than mean-
based statistics to control for outlier effects. Its most commonly used test statistic is 
computed by standardizing for individual differences in residual noise before 
performing second-level multi-subject testing using robust permutation-based methods. 
This allows a mixed-effects approach to analysis that has been recommended following 
analysis of the validity and impact of theory-based inference in fMRI (Thirion et al., 
2007). Details of individual and group-level analyses are also described in (Christakou 
et al., 2009a).       
7.2.6.1 Individual-level analysis 
Data were first processed to minimize motion-related artefacts (Bullmore et al., 
1999a). A 3D volume consisting of the average intensity at each voxel over the entire 
experiment was calculated and used as a template. The 3D image volume at each time 
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point was then realigned to this template by computing the combination of rotations 
(around the x, y and z axes) and translations (in x, y and z dimensions) that maximised 
the correlation between the image intensities and the volume in question and the 
template (rigid-body registration). Following realignment, data were then smoothed 
using a Gaussian filter (full-width at half-maximum (FWHM) 8.82 mm) to improve the 
signal-to-noise ratio of the images (Bullmore et al., 1999a). Following motion 
correction, global detrending and spin-excitation history correction, time series analysis 
for each subject was conducted based on a previously published wavelet-based 
resampling method for fMRI data (Bullmore et al., 1999b, Bullmore et al., 2001). At the 
individual subject level, a standard general linear modelling approach was used to 
obtain estimates of the response size (beta) to each of the task conditions (choice, 
anticipation and outcome phases) against an implicit baseline. We first convolved the 
main experimental conditions with 2 Poisson model functions (peaking at 4 and 8s). We 
then calculated the weighted sum of these 2 convolutions that gave the best fit (least-
squares) to the time series at each voxel. A goodness-of-fit statistic (SSQ ratio) was then 
computed at each voxel consisting of the ration of the sum of squares of deviations from 
the mean intensity value due to the model (fitted time series) divided by that of the 
squares due to the residuals (original time series minus model time series). The 
appropriate null distribution for assessing significance of any given SSQ ratio was 
established using a wavelet-based data re-sampling method (Bullmore et al., 2001) and 
applying the model-fitting process to the resampled data. This process was repeated 20 
times at each voxel, and the data was combined over all voxels, resulting in 20 null 
parametric maps of SSQ ratios for each subject. These maps were then combined to 
give the overall null distribution of SSQ ratio. This same permutation strategy was 
applied at each voxel to preserve spatial correlation structure in the data. Individual SSQ 
ratio maps were then transformed into standard space, first by rigid-body transformation 
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of the fMRI data into a high-resolution inversion recovery image of the same subject, 
and then by affine transformation onto a Talairach template (Talairach and Tournoux, 
1988). 
7.2.6.2 Group-level analysis 
For the group-level analysis, less than 1 false positive-activated 3D cluster was 
expected at p<0.05 (voxel-level) and p<0.01 (cluster-level). A group-level activation 
map was produced for each group and each experimental condition (choice, anticipation 
and outcome) by calculating the median observed SSQ ratios at each voxel in standard 
space across all subjects and testing them against the null distribution of median SSQ 
ratios computed from the identically transformed wavelet-resampled data (Brammer et 
al., 1997, Bullmore et al., 2001). The voxel-level threshold was first set to 0.05, and 
tests were conducted to identify voxels that might be plausibly activated followed by a 
test at a cluster-level threshold of p<0.01 to remove the false-positive clusters produced 
by the voxel-level test (Bullmore et al., 1999b, Bullmore et al., 2001). Next, a cluster-
level threshold was computed for the resulting 3D voxel clusters. The necessary 
combination of voxel and cluster-level thresholds was not assumed from theory but 
rather was determined by direct permutation for each dataset, giving excellent type-II 
error control (Bullmore et al., 1999b). Cluster mass rather than a cluster extent threshold 
was used to minimize discrimination against possible small, strongly responding foci of 
activation (Bullmore et al., 1999b).  
7.2.6.3 Region of interest analysis 
To more specifically focus on areas implicated in the IGT and 
reward/punishment processing (Li et al., 2010), additional analyses were conducted 
using a region of interest (ROI) approach based on a priori hypotheses. Search space 
was restricted to a single mask comprising bilateral orbitofrontal cortex, medial frontal 
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gyrus, inferior frontal gyrus (opercularis), inferior frontal gyrus (triangularis), insula, 
putamen, caudate and nucleus accumbens. Regions were extracted from the Harvard-
Oxford atlas using FSL (Smith et al., 2004), nonlinearly converted from Montreal 
Neurological Institute (MNI) coordinates into Talairach coordinates using the 
MNI2TAL program (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach) and 
combined in XBAM. Within the mask, <1 false-positive cluster was expected with 
thresholds of p<0.05 for voxel and p<0.03 for cluster comparisons.    
7.3 Results 
7.3.1 Participant characteristics 
Groups did not differ in age or IQ (Table 7.1). As expected, groups differed on 
SDQ total and sub-scores. Post-hoc tests correcting for multiple comparisons showed 
that all groups differed on SDQ total-scores (all Log(BF10)>3, p<0.001). ASD boys 
were more impaired on peer, pro-social and hyperactivity/inattention sub-scales 
compared to controls and OCD boys (all Log(BF10)>4, p<0.001), who did not differ. On 
the conduct sub-scale, ASD boys differed from controls only (Log(BF10)=2.64, 
p<0.003). On the emotion sub-scale, controls differed from ASD and OCD boys (both 












F test (DF) p-value 
Log 
(BF10) 
Age (years) 15.1(2.0) 14.6(1.6) 15.7(1.4) 2.7(2,61) 0.08 -0.03 
IQ 119.7(11.9) 113.1(14.3) 117.7(13.4) 1.4(2,61) 0.25 -0.99 
SCQ total score (t-test) 2.2(2.3) 16.5(7.4) - 8.3(42) <0.001 17.26 
SDQ total score 5.0(3.9) 19.5(6.8) 12.5(5.6) 36.2(2,61) < 0.001 19.03 
SDQ emotional distress  0.7(1.7) 4.3(2.8) 4.4(2.6) 14.6(2,61) < 0.001 7.88 
SDQ conduct  0.9(1.3) 2.6(2.2) 1.9(1.5) 5.6(2,61) 0.006 2.07 
SDQ peer relations  1.6(2.5) 6.5(2.4) 3.3(3.0) 19.8(2,61) < 0.001 11.05 
SDQ hyperactive 
impulsive/inattentive  
2.2(1.9) 6.2(2.4) 3.0(2.7) 17.9(2,61) < 0.001 9.96 
SDQ prosocial behaviour  8.6(2.4) 4.5(2.4) 7.7(2.6) 17.4(2,61) < 0.001 9.68 
ADOS communication score - 3.6(1.2) - - -  
ADOS social interaction score - 9.0(2.3) - - -  
ADOS communication+social - 12.7(3.1) - - -  
ADOS stereotypy score - 1.5(1.5) - - -  
ADI communication score - 16.6(4.7) - - -  
ADI social interaction score - 20.0(5.3) - - -  
ADI repetitive behaviour score - 6.5(2.4) - - -  
CY-BOCS total score - - 22.3(5.8) - -  
CY-BOCS – obsessions - - 10.8(3.6) - -  
CY-BOCS – compulsions - - 12.0(3.1) - -  
Abbreviations: ADI, Autism Diagnostic Interview; ADOS, Autism Diagnostic Observation Schedule; ASD, Autism Spectrum Disorder; CY-BOCS, Children’s Yale-Brown 
Obsessive-Compulsive Scale; DF, degrees of freedom; HC, healthy controls; OCD, Obsessive-Compulsive Disorder; SD, standard deviation. Note, Log(BF10) is reported for 
Bayesian analyses, as BF10 values were consistently high.
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7.3.2 Performance data  
Groups did not differ on their preference ratio for safe decks across the entire 
task (BF10=0.16, F(2,63)=.65, p=.53) or in group-by-block (4 blocks of 20 trials each) 
interaction analysis (BF10=0.01, F(2,62)=0.35, p=0.71), with strong evidence in favour 
of the null hypothesis (BF01=219.05). Task performance is illustratively summarized in 
Figure 7.2 and Figure 7.3.  
 
 
Figure 7.2 Overall advantageous preference ratios by group 
Values above 0.5 denoted overall preference towards safe (advantageous) decks, whereas 




Figure 7.3 Advantageous preference ratios by task block (20 trials per block) 
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7.3.3 Model comparison 
We first tested which model provided the best fit for the data by comparing 
WAIC scores (Table 7.2), with lower WAIC scores indicating better model-fits. Results 
suggested that the VPP model (WAICtotal=11387.78) provided the best model-fit 
relative to the other two models (PVL-DecayRI WAICtotal=12502.34; PVL-Delta 
WAICtotal=12812.60) in all three groups, consistent with previous studies (Worthy et al., 
2013a, Ahn et al., 2014).   
 
Table 7.2 WAIC scores for each model implemented in hBayesDM 
Model WAICHC WAICASD WAICOCD WAICSUM 
PVL-DecayRI 4025 4502 3975 12502 
PVL-Delta 4075 4676 4061 12813 
VPP 3616 4130 3642 11388 
Abbreviations: ASD, Autism Spectrum Disorder; HC, Healthy Controls; OCD, Obsessive-Compulsive 
Disorder; PVL, Prospect Valence Learning; RI, Reinforcement Learning; VPP, Value-Plus-Perseverance  
 
We used the winning VPP model to compare parameter estimates among groups 
(Table 7.3). Controls showed greater choice sensitivity (c) compared to ASD (95% HDI 
from 0.83 to 4.54, mean of HDI=2.69; t(20.4)=32.93, p<0.001) and OCD boys (95% 
HDI from 1.44 to 4.22, mean of HDI=2.83; t(19.2)=34.19, p<0.001). Controls also 
showed higher reinforcement learning weights (ω) than ASD (95% HDI from 0.46 to 
0.98, mean of HDI=0.72; t(23.6)=26.13, p<0.001) and OCD boys (95% HDI from 0.45 
to 0.97, mean of HDI=0.71; t(20.2)=39.96, p<0.001). ASD boys showed greater 
perseverance decay rates (k) compared to controls (95% HDI from -0.44 to -0.06, mean 
of HDI=-0.25; t(33.8)=-5.21, p<0.001) and OCD boys (95% HDI from 0.005 to 0.47, 
mean of HDI=0.24; t(42)=3.75, p=0.001). A complete table of differential distributions 
is presented in Table 7.4. 
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Learning rate (A) 0.01 (0.01) 0.44 (0.22) 0.24 (0.15) 
Feedback sensitivity (α) 0.14 (0.06) 0.61 (0.13) 0.96 (0.43) 
Choice sensitivity (c) 3.16 (0.33) 0.72 (0.07) 0.66 (0.02) 
Loss aversion (λ) 0.22 (0.08) 4.70 (1.65) 4.91 (2.27) 
Loss impact (εp) -1.38 (0.87) -1.69 (2.97) -1.80 (1.16) 
Gain impact (εn) -0.84 (1.33) -0.76 (2.75) -1.07 (2.16) 
Perseverance decay rate (k) 0.42 (0.08) 0.63 (0.17) 0.44 (0.16) 
Reinforcement learning 
weight (ω) 
0.94 (0.01) 0.25 (0.13) 0.26 (0.08) 
Abbreviations: ASD, Autism Spectrum Disorder; HC, healthy controls; OCD, Obsessive-Compulsive 
Disorder; SD, standard deviation; VPP, value-plus-perseverance 
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Table 7.4 Differential distributions of VPP model parameters: Highest Density 
Intervals for two-way comparisons 
Parameter 95% HDI of MCMC 
HC vs. ASD 
A -0.922 0.004 
α -1.775 0.181 
c 0.832 4.539 
λ -9.377 0.031 
εp -2.105 1.329 
εn -1.663 1.289 
k -0.442 -0.061 
ω 0.461 0.981 
HC vs. OCD  
A -0.494 0.016 
α -1.923 0.031 
c 1.436 4.217 
λ -9.328 0.025 
εp -1.278 1.850 
εn -1.249 1.516 
k -0.220 0.211 
ω 0.455 0.974 
ASD vs. OCD 
A -0.282 0.900 
α -1.708 1.064 
c -0.640 1.622 
λ -7.999 7.165 
εp -1.135 2.265 
εn -1.227 1.995 
k 0.005 0.468 
ω -0.394 0.357 
Abbreviations: α , outcome sensitivity; A, learning rate; ASD, Autism Spectrum Disorder; c, 
consistency/choice sensitivity; εp /εn, impact of gain/loss, respectively, on perseverance behaviour; HC, 
Healthy Control; HDI, highest density interval; k , perseverance decay rate; λ, loss aversion; MCMC, 
Markov Chain Monte Carlo sampling; OCD, Obsessive-Compulsive Disorder; ω, reinforcement learning 
weight  
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7.3.4 Movement 
Groups did not significantly differ on minimum (BF10=0.13, F(2,63)=0.03, 
p=0.97), maximum (BF10=0.36, F(2,63)=1.37, p=0.26) or mean (BF10=0.19, 
F(2,63)=0.49, p=0.61) head-translation in 3D-Euclidian space.  
7.3.5 Group maps of brain activation 
Images of within-group brain activation for task phases of choice (risky vs. 
safe), anticipation, and outcome (win vs. loss) are presented in Figure 7.4. 
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Figure 7.4.1 – Within-group maps for choice phase (red: risky>safe, blue: 
safe>risky)  
(A) Healthy Control Boys 
 
(B) ASD Boys 
 
(C) OCD Boys 
 
 
Figure 7.4.2 – Within-group maps for anticipation phase (anticipation>baseline; 
red: increased, blue: decreased)  
(A) Healthy Control Boys  
 
(B) ASD Boys 
 
(C) OCD Boys 
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Figure 7.4.3 – Within-group maps for outcome phase (red: win>loss, blue: 
loss>win)  
(A) Healthy Control Boys 
 
(B) ASD Boys  
 
(C) OCD Boys 
 
Figure 7.4 Within-group brain activation for each task condition (choice, 
anticipation, outcome) 
 (A) Healthy control boys, (B) boys with ASD, (C) boys with OCD. Talairach z-coordinates are shown 
for slice distance (in mm) from the intercommisural line. The right side of the image corresponds with the 
right side of the brain.   
7.3.6 Group effect-choice  
Whole-brain analysis of covariance (ANCOVA) including age as covariate 
compared brain activation during the choice phase (risky vs. safe choices) and showed a 
main effect of group in left DLPFC extending into superior frontal gyrus (Table 7.5A; 
Figure 7.5A). Post-hoc comparisons revealed that this was due to controls activating 
this region more during risky choices relative to both ASD (BF10=82.98, p<0.001) and 
OCD subjects (BF10=13.97, p=0.02).  
When the search space was constrained to the fronto-striatal ROIs, controls had 
increased activation to risky choices relative to ASD (BF10=2.83,p=0.03) and OCD 
(BF10=7.89,p=0.005) boys in right IFG/insula (Table 7.5A; Figure 7.5B). No group 
differences were observed in any of the other ROIs. 
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Excluding the 4 medicated OCD boys from analyses had no effect on the main 
findings.    
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Table 7.5 ANCOVA results of brain activation differences between healthy control 
boys, boys with ASD, and boys with OCD 










(A) Choice (risky-safe) 
Whole-brain      
HC>ASD,OCD  L DLPFC, superior 
frontal gyrus 
6/8/9/46 -33,4,64 302 0.004 
ROI       
ASD,OCD>HC  R IFG, insula 45 36,22,4 51 0.009 
 
(B) Anticipation (vs. baseline) 
Whole-brain      
HC>ASD,OCD L IFG, insula, 
inferior temporal 
47 -40,26,-7 198 0.01 
HC>ASD,OCD L pre/postcentral, 
PCC  
6 -36,-15,26 225  
ROI      
HC>ASD,OCD L IFG, insula, 
VLPFC, OFC 
47 -40,26,-13 83 0.006 
HC>ASD,OCD R VS, NAcc, 
caudate, putamen 
- 7,4,-7 58 0.01 
(C) Outcome (win-loss) 
Whole-brain       
No suprathreshold clusters 
ROI      
ASD>HC,OCD L IFG/insula 45/47 -33,30,-13 39 0.02 
Abbreviations: ACC, anterior cingulate cortex; ASD, Autism Spectrum Disorder; DLPFC, dorsolateral 
prefrontal cortex; HC, healthy controls; IFG, inferior frontal gyrus; L, left; OCD, obsessive-compulsive 
disorder; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; ROI, region of interest; VLPFC, 
ventrolateral prefrontal cortex; VS, ventral striatum. BOLD regions=cluster-peak 
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Figure 7.5 Between-group differences in brain activation between healthy control 
boys, boys with autism spectrum disorder (ASD) and boys with obsessive-
compulsive disorder (OCD) 
Analysis of variance (ANOVA) showing the main effect of group on brain activation for the three phases 
of the Iowa Gambling Task. (A) Whole-brain results of the group effect during decision-making (choice 
phase, safe vs. risky), (B) Region of interest (ROI) results of the group effect during decision-making 
(choice phase, safe vs. risky), (C) Whole-brain results of the group effect during outcome anticipation, 
(D) ROI results of the group effect during outcome anticipation, (E) ROI results of the group effect 
during outcome presentation (win vs. loss). Talairach z-coordinates are shown for slice distance (in mm) 
from the intercommissural line. The right side of the image corresponds with the right side of the brain. * 
indicates significance at the p<0.05 level, ** indicates significance at the p<0.01 level, *** indicates 
significance at the p<0.001 level. See Appendix B for graphs including standard error bars. 
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7.3.7   Group effect-anticipation  
Whole brain ANCOVA comparing brain activation during outcome anticipation 
showed a group-effect in two regions: left IFG/insula/inferior temporal lobe and left 
pre/post-central gyrus extending into PCC. This was due to shared underactivation in 
both regions in ASD (left IFG/insula/inferior temporal lobe: BF10=164.47, p=0.003; 
pre/postcentral gyrus/PCC: BF10=5.25, p=0.05) and OCD boys (left IFG/insula/inferior 
temporal lobe: BF10=8.29, p=0.04; pre/postcentral gyrus/PCC: BF10=55.60, p=0.002) 
relative to controls (Table 7.5B; Figure 7.5C).  
ROI analysis revealed two clusters that significantly differed among groups, one 
of which was observed in the whole-brain analysis (see above): left IFG/insula, 
extending in the ROI analysis into VLPFC/OFC, and in right ventral striatum (VS), 
including nucleus accumbens, caudate and putamen. Post-hoc comparisons showed 
shared reduction in both clusters in ASD (IFG/insula/OFC: BF10=79.65, p=0.002; VS: 
BF10=101.61, p=0.004) and OCD (IFG/insula/OFC: BF10=7.82, p=0.04; VS: 
BF10=122.07, p<0.001) boys versus controls (Table 7.5B; Figure 7.5D).  
When the 4 medicated OCD boys were excluded from analyses, all group-
difference clusters remained, but the difference in the right VS cluster from the ROI 
analysis was observed only at a reduced threshold of p=0.07 in patients relative to 
controls.  
7.3.8 Group effect-outcome  
Whole-brain analyses comparing activation differences during outcome 
presentation showed no effect of group when wins vs. losses were contrasted. However, 
ROI analysis revealed a group effect in the left IFG/insula, which was due to ASD boys 
having disorder-specific enhanced activation to wins relative to controls (BF10=237.61, 
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p<0.001) and OCD boys (BF10=31.60, p=0.003), who had more activation in this region 
to losses relative to ASD boys (Table 7.5C; Figure 7.5E). Excluding the 4 medicated 
OCD boys had no effect on the main findings. 
7.3.9 Associations between symptom measures and task performance/brain 
activation 
There was no relationship between symptom measures and any parameter 
estimate or overall advantageous preference ratio in the ASD or OCD group. There was 
no statistically significant correlation between symptom measures and brain activation 
among ASD or OCD boys.  
7.3.10 Associations between task performance and brain activation 
In the control group, higher advantageous preference ratios were associated with 
increased activation to risky vs. safe choices in left DLFPC (r=0.43, BF10=7.99, 




Parameter estimates or overall performance were not associated with brain 
activation in ASD or OCD boys. 
7.4 Discussion  
This is the first study to investigate the underlying neural correlates of IGT 
performance both in ASD and OCD and the first study to compare the two disorders in 
fMRI during decision-making. Individuals with ASD and OCD used different decision-
making strategies with regard to decreased choice consistency and reliance on 
                                                 
2
 Formal comparisons of correlations between groups using Fisher’s r-to-z transformation are reported in 
Appendix C 
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reinforcement learning, that were moreover different to controls, in order to achieve 
overall similar task performance. Furthermore, ASD and OCD boys showed shared 
neurofunctional underactivation relative to controls during decision-making in left 
dorsolateral prefrontal and right inferior fronto-insular regions and in lateral 
inferior/orbito-fronto-striatal regions and PCC during outcome anticipation. During 
outcome presentation, however, ROI analyses showed that ASD boys had disorder-
specific enhanced activation to wins vs. losses in a left inferior fronto-insular region 
relative to OCD boys and controls.   
The computational modelling results suggest that, despite overall comparable 
performance to controls, ASD and OCD boys used different decision-making strategies 
to achieve this performance. OCD and ASD participants were less consistent in their 
choices, in line with previous evidence of increased switching behaviour on the IGT in 
ASD adolescents (Johnson et al., 2006, Yechiam et al., 2010). The present work extends 
this evidence to OCD, suggesting that increased exploration (independent of outcome 
sensitivity) may be a shared trans-diagnostic behavioural phenotype of decision-
making. Moreover, the finding of lower reinforcement learning weights in both patient 
groups compared to controls suggests that ASD and OCD individuals less effectively 
implemented reversal learning strategies to maximise outcomes and instead used a 
different strategy (e.g. exploration), in line with impaired reward learning in OCD 
(Nielen et al., 2009) and ASD (Scott-Van Zeeland et al., 2010b). Taken together, this 
suggests that patients may achieve performance similar to controls via enhanced 
exploration and less reliance on learning from experienced outcomes. Moreover, 
perseverance strengths decayed at a faster rate in the ASD group compared to the OCD 
and control groups, in line with evidence that ASD individuals have a disorder-specific 
tendency to switch decks more frequently (Johnson et al., 2006). This effect may be 
dissociable from the disorder-shared decreased choice consistency that was also 
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observed in OCD, as choices on previous decks have less influence on future choices, 
regardless of reward/punishment valuation on a given deck. 
Whole-brain fMRI analysis results showed that both patient groups shared 
reduced activation in left DLPFC during decision-making relative to controls and these 
results were extended to the right IFG/insula in ROI analyses. Lateral PFC is important 
for value representation (Ridderinkhof et al., 2004), and more specifically, DLPFC has 
been implicated in working memory, important for incorporating known information 
during decision deliberation (Li et al., 2010). DLPFC activation during decision-making 
under ambiguity is typical in healthy populations (Krain et al., 2006). Moreover, 
ventrolateral prefrontal regions and the insula are related to emotional attribute of 
decision options and are part of a ‘saliency’ network implicated in stimulus significance 
and affective response (Phillips et al., 2003). IGT performance and neural 
representation of decision values in dorso- and ventrolateral PFC mature with age, 
suggesting development of a decision-making network incorporating action values with 
executive processes (Christakou et al., 2013a). Thus, the present findings could imply 
abnormalities in the functional maturation of these regions in ASD and OCD. 
Furthermore, enhanced activation in left DLPFC and right IFG/insula to risky vs. safe 
decks was related to better performance in controls, whereas this relationship in the 
DLPFC was not seen in ASD or OCD individuals. Given the DLPFC’s role in 
integrating memory representations with goal-directed behaviour (Ridderinkhof et al., 
2004), this may suggest that ASD and OCD individuals have neurofunctional deficits in 
updating reward expectation. Moreover, in ASD, reduced DLPFC activation has been 
found during reversal learning, suggesting that abnormalities in this region may relate to 
problems in flexibly updating choice behaviour (D'Cruz et al., 2016). 
Whole-brain results showed that both patient groups relative to controls had 
reduced activation in left OFC/VLPFC/IFG/insula during outcome anticipation. In ROI 
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analyses, these results were confirmed as well as extended to right BG/VS. This is in 
line with evidence in OCD of decreased lateral orbitofrontal activation during outcome 
presentation on a reversal-learning task (Remijnse et al., 2006, Chamberlain et al., 
2008) and reward anticipation (Jung et al., 2011) and extends this evidence to ASD. In 
OCD, OFC deficits have been linked to impaired reward-related learning and to an 
inability to detect changes in reinforcement contingencies (Menzies et al., 2008), and 
the present findings suggest that this phenotype may be shared with ASD, in line with 
evidence in ASD of fronto-limbic abnormalities during reward gain/loss, independent of 
valence (Kohls et al., 2013). Moreover, cognitive inflexibility has been associated with 
OCD, affecting goal-directed decision-making and learning (Gillan and Robbins, 2014). 
A previous study found that OCD adolescents had reduced left IFG activation compared 
to controls during set-shifting (Britton et al., 2010). Moreover, a study of reward 
reversal-learning found that ASD adults had reduced VS as well as left DLFPC and 
parietal activation compared to controls (D'Cruz et al., 2016), in line with our findings 
of disorder-shared reduced activation in these regions, implicating these areas in a range 
of reward-related processes that may be affected in both ASD and OCD.  
The BG, and more specifically the caudate and VS, have been consistently 
implicated in reward expectation and value representation (Dichter et al., 2012a). This 
region is particularly relevant to OCD given the prominence of fronto-striatal networks 
in the neurofunctional characterization of the disorder (Menzies et al., 2008). ROI 
findings of disorder-shared blunted VS response during reward anticipation are in line 
with previous findings of similar underactive VS response during ambiguous reward 
anticipation in ASD (Dichter et al., 2012b, Kohls et al., 2013, D'Cruz et al., 2016) and 
OCD (Menzies et al., 2008, Figee et al., 2011) as well as depression (Smoski et al., 
2009) and schizophrenia (Juckel et al., 2006), suggesting the possibility of a shared 
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neurobiology among a range of disorders with regard to fronto-striatal under-
responsiveness to anticipated reward.  
ROI analyses revealed that ASD boys had disorder-specific increased activation 
in left IFG/insula to positive (wins) vs. negative (losses) feedback relative to OCD boys 
and controls, who both had more activation to loss in this region. Some studies have 
found insula hyperactivation during reward in ASD (Cascio et al., 2012b, Dichter et al., 
2012d), and another found enhanced left frontal activation in ASD individuals during 
rewarded outcomes (Schmitz et al., 2008), implying that reward-related left-frontal 
systems are enhanced in ASD (Cascio et al., 2012b). This is in line with the insula’s 
role in interoceptive awareness as part of the proposed ‘saliency network’ (Critchley et 
al., 2004, Menon and Uddin, 2010), suggested to be affected in ASD individuals (Uddin 
and Menon, 2009), and suggests that similar systems are intact in OCD patients during 
reward processing.  
This study has several limitations. While psychiatric comorbidity was an 
exclusion criterion, we cannot discard the possibility that sub-threshold symptoms of 
other disorders were present in our sample. Moreover, ASD participants were not 
assessed using OCD-specific measures, e.g. CY-BOCS, (and vice-versa). Nonetheless, 
thorough clinical assessment of ASD and OCD participants and inclusion of mostly 
medication-naïve patients are study strengths, and absence of comorbidity was 
confirmed by a consultant psychiatrist in all cases. Four OCD boys were prescribed 
SSRIs. Although there is evidence for neurofunctional effects of serotonin during 
decision-making (Murphy et al., 2008), results largely remained when medication was 
accounted for. However, the right VS cluster was seen only at a reduced threshold, 
suggesting a possibility that medication may have influenced brain activation during 
reward anticipation in this region. However, it is more likely that this secondary 
analysis was underpowered. Moreover, we found no association between symptom 
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severity and performance measures, which is possibly due to patient/symptom 
heterogeneity in our clinical groups.  
7.5 Conclusions 
This first behavioural and fMRI comparison of ASD and OCD adolescents on 
the IGT showed that ASD and OCD patients used different decision-making strategies 
relative to controls in that they were less consistent in their choices and relied less on 
reinforcement learning to achieve overall performance comparable to controls. ASD 
adolescents, moreover, had distinctive perseverative task performance. This was 
underpinned by predominantly shared neurofunctional deficits relative to controls in 
dorsal and ventral prefrontal regions during decision making and in orbitofrontal-ventral 
striatal regions during reward and loss processing, as shown by both whole-brain and 
ROI analyses. ASD patients, however, had disorder-specific enhanced inferior 
frontal/insular activation to reward feedback in the ROI analysis, suggesting a possible 
neurofunctional signature of reward-based decision-making on the IGT that may be 
unique to ASD. This study provides novel insight into underlying neurobiological and 
behavioural mechanisms that shed light on trans-diagnostic phenotypes of reward-
learning and decision-making that may drive respective clinical characteristics of 
executive impairments in each disorder.   
  278 
CHAPTER 8 - GENERAL DISCUSSION 
8.1 Summary  
ASD and OCD are two disorders that commonly emerge in early childhood or 
adolescence (Ruscio et al., 2010, Russell et al., 2016), are frequently co-morbid with 
one another (Leyfer et al., 2006, Doshi-Velez et al., 2014, Murray et al., 2015) and 
exhibit deficits in executive function, both at a behavioural and neurobiological level 
(Mataix-Cols et al., 2005, Fineberg et al., 2009, Anholt et al., 2010). However, the 
shared and disorder-specific neurostructural and neurofunctional underpinnings of 
cognitive and behavioural impairments in these disorders had yet to be investigated 
prior to the studies outlined in this thesis. These studies have, for the first time, 1) used 
comparative multi-modal meta-analytic methods to compare overlap and disorder-
specificity in brain structure and brain function deficits during cognitive control 
between individuals with ASD and OCD and 2) used fMRI to directly compare 
adolescent boys with ASD and with OCD during cognitive tasks of cool and hot EF 
including sustained attention, temporal discounting and gambling. The results show 
both shared and disorder-specific structural and functional brain abnormalities between 
ASD and OCD.  
The meta-analysis findings show that in structure and in function during 
inhibitory control, both disorders shared reductions in r/dACC/MPFC relative to control 
groups, presumably reflecting reduced top-down cognitive control over affective 
systems. The most prominent disorder-specific finding was that OCD patients had 
increased GMV and function during inhibitory control in left putamen and insula 
compared to controls and ASD individuals, in line with theories of fronto-striatal 
dysregulation in OCD (Menzies et al., 2008). Moreover, in the VBM analysis, findings 
in right striato-insular regions were disorder-dissociated such that GMV was increased 
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in OCD but decreased in ASD relative to control groups. Other disorder-dissociated 
effects were observed in left superior frontal gyrus, which was reduced in volume in 
OCD but enhanced in ASD relative to control groups. OCD patients had disorder-
specific right superior temporo–parietal underfunctioning relative to ASD and control 
groups, presumably reflecting problems with recruiting posterior attention systems. 
ASD-specific findings were observed in left DLPFC, which was reduced, and in 
PCC/precuneus, which was enhanced in activation compared to OCD patients and 
controls, suggesting increased deficits deactivating default mode regions during 
cognitive tasks as well as lateral prefrontal executive attention abnormalities.  
The experimental fMRI studies found both shared and disorder-specific deficits 
between boys with ASD and with OCD. During sustained attention, ASD boys did not 
differ from OCD boys on any performance measures, and neither clinical group differed 
from controls. However, there were differences in neurofunctional activation patterns. 
OCD boys had disorder-specific reduced activation in inferior-fronto-insular and 
temporo-parietal regions relative to ASD boys and controls, in line with disorder-
specific reductions in temporo-parietal regions during cognitive control as shown in the 
meta-analysis. The findings suggest OCD-specific abnormalities during cool EF in 
temporo-parietal attention as well as salience detection networks. OCD boys also had 
disorder-specific increased activation with increasing delay in rMPFC, possibly relating 
to increased performance monitoring. Both ASD and OCD individuals shared increased 
activation with increasing delay in cerebellar/occipital attention regions compared to 
controls, with significant shared case-control differences in all delay conditions, 
implicating cerebellar dysfunction as a possible shared phenotype in the context of 
attention and cool EF.   
During TD, ASD boys had disorder-specific impaired task performance; ASD 
boys discounted rewards more steeply than OCD boys and controls, who did not differ 
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from one another. However, despite this ASD-specific performance impairment, fMRI 
results showed predominantly shared neurofunctional abnormalities in both ASD and 
OCD boys relative to controls. Disorder-shared deficits were seen in ventral and lateral 
prefrontal regions, where ASD and OCD boys had increased activation to immediate 
versus delayed choices, but controls had more activation to delayed versus immediate 
choices, suggesting shared impairments in the neural underpinnings of planning and 
successful reward-based decision-making. Other shared findings were observed in the 
cerebellum and PCC, where both patient groups had reduced activation to delayed 
versus immediate choices compared to the control group, and in ventromedial 
orbitofronto-striatal and bilateral medial and superior temporo-parietal regions, where 
both patient groups had decreased activation to immediate versus delayed choices 
relative to the control group, which had enhanced activation. Moreover, in the medial 
orbitofronto-striatal regions, there was a trend toward slightly more reduced activation 
in the ASD compared to the OCD group. These findings are in line with ventromedial 
prefrontal abnormalities commonly observed in ASD during hot EF, especially in tasks 
involving monetary reward (Schmitz et al., 2008, Dichter et al., 2012b, Dichter et al., 
2012d, Kohls et al., 2013), and extend these results to OCD individuals, alongside 
frontal functional abnormalities in ventromedial and orbitofrontal regions (Menzies et 
al., 2008, Brem et al., 2012). Moreover, the findings of shared temporo-parietal 
abnormalities in the context of hot EF are in contrast to those during cool EF, where 
temporo-parietal reductions were disorder-specific to OCD. 
During the IGT, groups did not differ on the proportion of advantageous/safe 
choices they made across the task. However, when computational models of decision-
making were fit to the performance data, results from the winning model showed that 
ASD and OCD boys shared reduced choice sensitivity as well as lower reinforcement 
learning rates relative to controls, suggesting shared differences between patients in 
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nuanced aspects of decision-making styles that lead to overall task performance 
comparable to controls. Disorder-specific performance effects were observed in ASD 
individuals, who had greater perseverance strength decay rates compared to the OCD 
and control groups. fMRI results showed that during the decision-making phase of the 
task, ASD and OCD boys both had less activation during risky compared to safe 
choices relative to control boys in left DLPFC. ROI analysis of fronto-striatal regions 
during decision-making showed additional disorder-shared abnormalities in right 
inferior fronto-insular regions, where both clinical groups compared to controls had less 
activation to risky choices. Whole-brain fMRI of outcome anticipation also revealed 
disorder-shared dysfunction in inferior fronto-temporal and fronto-parietal regions, 
where patients had underactivation relative to controls. ROI analysis extended these 
results to key reward-related ventrolateral and orbitofronto-striatal regions. ROI 
analysis also showed a disorder-specific effect in ASD boys during outcome 
presentation in left IFG/insula, in line with findings of increased left inferior fronto-
insular activation in ASD individuals during reward receipt (Schmitz et al., 2008, 
Cascio et al., 2012a).  
The findings of each of these studies is summarised in Table 8.1 and will be 
discussed in detail below to consider shared and disorder-specific abnormalities in boys 
with ASD and OCD.
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Table 8.1 Summary of main study results 









left superior frontal  
bilateral BG/insula r/dACC/MPFC Group effect (ASD vs. OCD)_ 
 















r/dACC/MPFC Group effect (ASD vs. OCD) 
 




None observed (Group effect) 
left insula/IFG 
right PCC, STL  
(Group x delay)  
left IFG/insula, 
IPL 
rMPFC   
(Group x delay) 
cerebellar vermis 
/occipital 
Group effect (across delays) 
 
Group x delay interaction 
 





None observed  (Delay): 
right vmOFC/VLPFC 
lateral cerebellum  
PCC/precuneus 
 (Immediate):  
ACC/vmPFC  
left caudate  
bilateral inferior  
temporo-parietal 









left OFC/IFG/insula  
None observed choice consistency  





left OFC/VLPFC, VS 
Group effect – decision-making (safe>risky) 
  
Whole-brain                                       ROI 
Group Effect – anticipation (anticipation>baseline) 
  
Whole-brain                               ROI 
Group effect – outcome (win>loss) 
 
ROI 
Abbreviations: ACC, anterior cingulate cortex; ASD, autism spectrum disorder; BG, basal ganglia; DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; IPL, inferior 
parietal lobe; MPFC, medial prefrontal cortex; MTL, medial temporal lobe; OCD, obsessive-compulsive disorder; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PFC, 
prefrontal cortex; r/d, rostral/dorsal; ROI, region of interest; STL, superior temporal lobe; VLPFC, ventrolateral prefrontal cortex; vmPFC, ventromedial prefrontal cortex; vmOFC, 
ventromedial orbitofrontal cortex; VS, ventral striatum 
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8.2 Meta-analytic comparison of brain structure and function during 
cognitive control tasks  
 
This section will focus on the meta-analytic findings of similarities and 
differences in voxel-wise volumetric differences in grey matter as well as in functional 
brain activation during tasks of cognitive control between adults and children with ASD 
and OCD.  
GMV results within each patient group separately confirmed findings of 
previous reviews and meta-analyses (Radua and Mataix-Cols, 2009, Radua et al., 2010, 
Cauda et al., 2011, Nickl-Jockschat et al., 2012, Peng et al., 2012, Eng et al., 2015, Ha 
et al., 2015). Among ASD studies, ASD individuals relative to typically-developing 
controls had reduced GMV in medial prefrontal-insular and cerebellar regions including 
r/dACC/MPFC, right posterior insula and left cerebellum. ASD individuals also had 
enhanced GMV in fronto-temporo-parietal regions including left middle and superior 
temporal lobes, right IPL/occipital lobe, left MFG, bilateral precentral gyri and right 
inferior temporal gyrus. Among OCD studies, patients relative to controls had decreased 
GMV in medial and ventrolateral prefrontal regions including a large cluster comprising 
v/r/dACC/MPFC and in left VLPFC extending into premotor cortex and increased 
GMV in bilateral striato-thalamic and limbic regions including putamen, caudate, NAcc 
and pallidum, bilateral amygdala and insula, and in cerebellum, left postcentral gyrus, 
and right superior parietal lobe. These results support evidence of fronto-temporo-
parietal and fronto-limbic structural abnormalities in ASD (Nickl-Jockschat et al., 2012, 
Ha et al., 2015) and CSTC structural abnormalities in OCD (Mataix-Cols et al., 2005, 
Menzies et al., 2008, Radua et al., 2010). However, the largest and most recent meta- 
and mega-analysis of sMRI data across children and adults with OCD (ENIGMA 
consortium, N=1,830 OCD patients; (Boedhoe et al., 2017)) suggested that many of the 
commonly reported subcortical structural abnormalities in OCD may be significantly 
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related to age, medication status or illness duration. For example, this study found 
increased thalamic GMV only when comparing unmedicated children, but not adults, 
with OCD to control children. This same study also found reduced hippocampal 
volumes and enhanced pallidum volumes only in adults with OCD and showed that 
these differences were related to lifetime history of depression. These implications of 
age-related abnormalities are especially important to keep in mind when interpreting the 
results of the present meta-analysis, which included both children and adults. 
However, the primary aim of this meta-analysis was to directly compare ASD 
and OCD. When both GMV and functional activation were compared between studies 
in ASD and studies in OCD relative to respective control groups, the most prominent 
finding was a shared reduction in both groups in overlapping MPFC/dACC regions. 
Medial prefrontal cortical regions including the rostral and dorsal ACC are critically 
important in the successful control of systems of affect and motivation and are closely 
connected with other medial prefrontal regions (MacDonald et al., 2000, Goodkind et 
al., 2015). Reduced GMV and activation in these regions during a range of executive 
and affective processes has been observed in meta-analyses across a number of 
psychiatric disorders including schizophrenia, bipolar disorder, anxiety, depression, 
OCD and conduct disorder (Glahn et al., 2008, Goodkind et al., 2015, Alegria et al., 
2016, Norman et al., 2016, Wise et al., 2016). While structural abnormalities alone 
cannot be directly linked to function or behaviour, the fact that VBM results were 
paralleled in the fMRI and the multi-modal analyses suggests the possibility of a trans-
diagnostic neural signature of impaired top-down medial prefrontal control that is 
common to multiple disorders, many of which emerge in childhood and adolescence. 
Taken together with disorder-specific findings in OCD of enhanced striato-insular 
activation and volume, but disorder-specific findings of left dorsolateral prefrontal and 
right striato-insular reductions in ASD (discussed further below), the meta-analysis 
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results provide preliminary large-scale evidence for the hypothesis of fronto-striatal 
dysregulation in OCD but an overall reduction in activation within fronto-striatal 
networks in ASD, presumably underpinned in both cases by poor frontal control over 
striato-limbic regions that are overactive in OCD but reduced in ASD. It is interesting to 
note that in the OCD literature, ACC hyperactivation has also been observed, primarily 
in ROI fMRI studies (Ursu et al., 2003, Maltby et al., 2005, Fitzgerald et al., 2010) but 
also supported by a recent meta-analysis (Eng et al., 2015). However, it is likely that 
this overactivation (or failure of deactivation) in medial prefrontal regions is not directly 
linked to inhibitory control abnormalities, but rather is a result of impaired action 
monitoring and conflict detection that is inherent in the particular error monitoring tasks 
used. In conclusion, these results provide evidence for a possible trans-diagnostic 
functional and structural phenotype presumably reflecting impaired top-down 
ventromedial prefrontal and ACC-mediated control over subcortical striatal systems in 
both ASD and OCD.  
The disorder-specific findings of enhanced bilateral striato-insular GMV 
paralleled by disorder-specific increased activation during cognitive control in left 
putamen and insula in OCD relative to ASD extends a large evidence base implicating 
abnormal GMV in these regions in OCD relative to controls (Radua and Mataix-Cols, 
2009, Radua et al., 2010, Peng et al., 2012, Eng et al., 2015) as well as striato-insular 
hyperactivation including enhanced dorso-caudal and putamen-mediated sensorimotor 
processing and inhibitory control (van Velzen et al., 2014) and insula-mediated 
interoceptive dysfunction (Nagai et al., 2007). The fact that these enhanced volumes are 
also seen in direct comparison to ASD individuals strengthens this evidence and 
suggests that this may be a distinct neural signature of OCD and not ASD. However, 
these findings were across studies of both children and adults, as the analysis was not 
sufficiently powered to distinguish between paediatric and adult investigations. A recent 
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multi-site mega-analysis of VBM studies in OCD found that in healthy individuals, 
right striatal and insula volumes decreased linearly with age, while GMV in these 
regions was preserved across the lifespan in individuals with OCD (deWit et al., 2014). 
A more recent ROI-based meta- and mega-analysis found GMV deficits in subcortical 
striatal regions in adults with OCD but critically did not find these differences in 
children with OCD compared to controls, further implicating age as a possible confound 
in these results (Boedhoe et al., 2017). This evidence highlights the importance of age-
related factors that may influence grey matter development (or indeed loss) in these 
regions from childhood/adolescence into adulthood, particularly in the context of 
disorders such as ASD and OCD that typically arise in childhood. Nonetheless, taken in 
conjunction with the finding of MPFC/dACC GMV reduction, these findings support 
theories of a disorder-specific dysregulation within fronto-striatal networks in OCD 
(e.g. as reviewed in (Mataix-Cols and van den Heuvel, 2006)), suggesting poor mPFC-
mediated inhibition of overactive striato-thalamic regions including ventral and dorsal 
subdivisions of the BG that is specific to OCD, affecting motivation control, affect 
processing and sensorimotor processing. Ultimately, this may provide support for 
clinical features observed in OCD of poor control over obsessions, anxiety and 
compulsive behaviours. 
Disorder-differentiated structural abnormalities were observed in left DLPFC, 
where ASD individuals had increased GMV but OCD individuals had reduced GMV 
compared to controls. This region was paralleled in the fMRI findings, where reduced 
left DLPFC activation during cognitive control was disorder-specific to ASD relative to 
OCD. These results are in line with previous evidence of reduced DLPFC activation in 
ASD individuals across a range of hot and cool EF tasks including inhibition (Kana et 
al., 2007), working memory (Di Martino et al., 2009, Stigler et al., 2011), reversal 
learning (D'Cruz et al., 2016) and attention (Silk et al., 2006, Christakou et al., 2013b). 
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Moreover, the DLPFC has been specifically implicated in attentional maintenance 
during EF (MacDonald et al., 2000), suggesting a disorder-specific abnormality in 
attention-related cool EF functions underpinned by reduced DLPFC reduction in ASD. 
The structural findings also extend theories of early brain overgrowth in ASD, as the 
PFC is among the first regions to develop in early childhood (Carper and Courchesne, 
2005, Courchesne et al., 2007). However, these conclusions are preliminary, as this 
meta-analysis was conducted across child and adults studies (although more than half of 
the included ASD VBM studies were in children, with a mean age across all studies of 
18 years). Moreover, our findings of enhanced GMV in this region in ASD corroborates 
evidence from a meta-analysis across children and adults with ASD which links 
structural alterations in this region with repetitive behaviour symptom severity (Rojas et 
al., 2006), suggesting that there may be clinical implications of volumetric changes in 
this region that are specific to the pathophysiology of ASD. It is important, however, to 
comment on the relationship between brain structure and function, particularly in the 
context of the DLPFC findings in ASD. The ASD group had enhanced GMV in this 
region but decreased activation relative to the OCD and control groups. Though direct 
links between GMV and BOLD signal have not been established, the divergent 
relationship between structure and function in this meta-analysis seems somewhat 
counterintuitive. However, it should be noted that the location of the DLPFC cluster 
found in the meta-analysis for structural MRI studies was not identical to the location of 
the DLPFC cluster in the functional MRI meta-analysis. The GMV cluster was more 
dorsomedial and more rostral, extending towards BA 8, whereas the fMRI cluster was 
more dorsolateral and caudal, extending towards BA 46. Therefore, it is possible that 
these sub-regions of the DLPFC are differentially implicated in structure versus 
function. Moreover, the functional meta-analysis was restricted to the construct of 
inhibitory control, and in the context of other functions the potential overlap between 
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structural and functional findings may well be different. Lastly, setting aside the fact 
that the clusters observed in these f/sMRI meta-analyses were not overlapping, while 
the exact relationship between GMV and BOLD signal remains to be determined, one 
can hypothesise that structural/functional overlap independent of direction could 
suggest that this region is abnormally implicated in the study population. 
Disorder-specific functional effects were also observed in PCC extending into 
precuneus, where ASD individuals had increased activation relative to controls and 
OCD individuals. This result was further observed in disjunction analyses showing that 
this region was decreased in activation in OCD individuals relative to controls. Both the 
DLPFC and PCC results specific to ASD extend findings from a previous study from 
our group during sustained attention, where DLPFC hypoactivation and increased PCC 
activation, both of which were observed in ASD boys and ADHD boys relative to 
controls, were anti-correlated in both clinical groups (Christakou et al., 2013b). This 
may suggest a failure of deactivation in default-mode regions in conjunction with 
reduced lateral prefrontal control during cool EF. Moreover, these results show for the 
first time that this abnormality is disorder-specific to ASD when compared with OCD.  
OCD also had disorder-specific underactivation in right superior temporal and 
inferior parietal regions relative to ASD and control individuals. These findings are in 
line with evidence of temporo-parietal underactivation during a range of hot and cool 
EFs including interference and response inhibition (Nakao et al., 2005, Roth et al., 
2007, Woolley et al., 2008, Page et al., 2009), planning (van den Heuvel et al., 2005b), 
and task-switching (Menzies et al., 2008) and shows for the first time that this may be 
specific to OCD compared to ASD in the context of cognitive control. Moreover, this 
evidence provides support for a disorder-specific reduction in visual-spatial saliency 
processing among posterior temporo-parietal regions in OCD, particularly during non 
disorder-relevant EF such as inhibitory control, in contrast to the enhanced saliency 
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processing in similar regions that has been observed in OCD during disorder-relevant 
symptom provocation paradigms (Menzies et al., 2008, Rotge and Tignol, 2008). 
However, it is interesting to note that superior temporal and parietal hypoactivation has 
also been linked to ASD in the context of social communication difficulties as well as 
RRBIs (Adolphs, 2001, Amaral et al., 2008, Redcay, 2008, Ha et al., 2015). Therefore, 
it is possible that temporo-parietal underactivation is broadly implicated in lack of 
action control, but that abnormalities in these regions during non-social cool EF may be 
more specific to OCD relative to ASD.  
To summarise, the findings of the VBM and fMRI meta-analysis suggest a 
dysregulation within medial fronto-striatal networks in OCD (decreased frontal, 
enhanced striatal GMV and activation) but an overall reduction within similar networks 
in ASD. In ASD, DLFPC GMV increases support theories of early brain overgrowth in 
prefrontal regions that may link to repetitive behaviours (Rojas et al., 2006). This 
finding was paralleled by reduced activation in this region in ASD, possibly linking to 
disorder-specific difficulties with dorsolateral prefrontal-mediated attentional 
maintenance during cool EF. Moreover, temporo-parietal underactivation was specific 
to OCD, suggesting a disorder-specific abnormality in posterior attention networks 
during cool EF. These large-scale findings provide a preliminary basis on which to 
examine possible biomarkers that may differentiate these disorders. 
However, these abnormalities were underpinned in both cases by reduced medial 
prefrontal and ACC volumes and activation in both disorders relative to typically-
developing individuals, which may relate to poor top-down control over subcortical and 
limbic regions. Based on recent meta- and mega-analyses in these disorders (e.g. 
(Boedhoe et al., 2017)), it is critical to keep in mind the effects that age and clinical 
heterogeneity may have on structural abnormalities when comparing these two 
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disorders, an important consideration for future research in these developmental 
disorders.  
8.3 Experimental findings  
This section will discuss the shared and disorder-specific behavioural and fMRI 
findings.  
8.3.1 Cool EF and sustained attention 
The only experimental effects specific to OCD were observed during sustained 
attention. In this study, boys with OCD had decreased activation across all delay 
conditions in key attention regions of left insula and IFG and in right PCC and STL 
relative to both control boys and ASD boys, who did not differ from one another. 
Moreover, there were significant effects of delay on brain activation in the OCD group 
compared to the control and ASD groups, who did not statistically differ. These 
disorder-specific effects were in left IFG/insula and left IPL/pre/post-central gyrus, 
where OCD boys had progressively reduced activation with increasing delay, and in 
rMPFC, where OCD boys had increased activation with increasing delay. There is 
support for the insula’s role in saliency and timing functions (Voisin et al., 2006, 
Wiener et al., 2010), as well as the IFG’s role in ventral attention regions important for 
attention orienting (Corbetta and Shulman, 2002). Moreover, there is evidence of 
functional maturation within inferior fronto-insular and temporo-parietal regions during 
sustained attention (Christakou et al., 2009b, Smith et al., 2011). The temporo-parietal 
findings also parallel similar findings specific to the OCD group in the fMRI meta-
analysis of cognitive control studies, suggesting that this temporo-parietal 
underactivation is disorder-specific in the context of cool EF. Moreover, these findings 
could suggest a unique pattern of abnormal or delayed maturation within these networks 
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in OCD. The findings in rMPFC are in line with evidence of medial prefrontal 
hyperactivation commonly observed in OCD during attention and error monitoring 
(Chamberlain et al., 2005, Maltby et al., 2005, Menzies et al., 2008). Progressively 
enhanced rMPFC activation during sustained attention in the face of overall 
performance comparable to controls could suggest that OCD boys are more sensitive to 
time delays, allocating greater action monitoring resources over increasing time. This 
enhanced action monitoring could possibly relate clinically to a heightened need for 
things to be “just right”. Taken together, the present results support previously observed 
patterns of reduced activation in key inferior-fronto-insular and temporo-parietal 
attention regions in OCD and provide first evidence of a possible neural signature 
specific to OCD regarding mPFC hyperactivation during cool EF tasks as well as 
functional maturation of lateral fronto-parieto-temporal attention networks relative to 
ASD. Collectively, this evidence may relate to OCD-specific clinical features of 
difficulty maintaining attention to relevant tasks when attentional resources are 
allocated towards internal thoughts and obsessions.   
There were also shared activation increases between ASD and OCD boys 
relative to controls during sustained attention in the cerebellar vermis and occipital lobe 
with increasing delay. Moreover, this activation was enhanced in all delay conditions 
relative to controls. Cerebellar abnormalities have been widely implicated in ASD 
(Allen and Courchesne, 2003, Stigler et al., 2011, Wang et al., 2014), including as a 
disorder-specific abnormality relative to ADHD boys during sustained attention 
(Christakou et al., 2013b), and have also been implicated in OCD (van den Heuvel et 
al., 2009). The cerebellum is a key attention region, important for timing intervals 
(Coull, 1998) and is activated in healthy populations with increasing temporal delays, as 
shown by a meta-analysis of sustained attention studies in adults (Langner and Eickhoff, 
2013). Interestingly, two recent studies of other attention functions (attentional capture 
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and spatial attention) in adolescents with ASD showed decreased cerebellar activation 
(Keehn et al., 2016) or increased deactivation (Rahko et al., 2016) in ASD individuals 
relative to typically-developing controls, suggesting that the shared overactivation 
observed in the present study may be specifically related to the temporal aspect of 
sustained attention. Therefore, shared overactivation in this region presents evidence 
that adolescents with ASD and OCD may share impairments in the neural mechanisms 
underlying vigilance to temporal delays and anticipation of motor responses 
underpinned by cerebellar vermis abnormalities. This extends evidence that the 
cerebellum is a key attention region functionally implicated in the pathophysiology of 
ASD (Allen et al., 1997) and presents new evidence that this neurofunctional 
abnormality may be shared with OCD in the context of sustaining attention across time.  
Collectively, OCD had disorder-specific inferior frontal and temporo-parietal 
abnormalities during sustained attention, a finding which was paralleled in the meta-
analysis by similar disorder-specific reductions during cognitive control. This suggests 
that although temporo-parietal hypoactivation has also been linked to ASD in the 
context of social communication difficulties (Adolphs, 2001, Amaral et al., 2008, 
Redcay, 2008, Ha et al., 2015), hypoactivation in these regions is specific to OCD in the 
context of non-emotional cool EF that may relate to temporo-parietal attention network 
dysfunction. Shared increases were also seen during sustained attention in the cerebellar 
vermis and occipital lobe, suggesting a shared mechanism for impairments in attention 
to temporal delays.  
8.3.2 Hot EF and reward-based decision-making 
During hot EF and reward-based decision-making, the ASD group had disorder-
specific behavioural abnormalities on the TD and IGT tasks. Findings of steeper TD 
relative to OCD patients and controls links to more impulsive reward-based decision-
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making that has been observed previously in young children with ASD compared to 
typically-developing children (Faja and Dawson, 2015). This suggests that impaired 
temporal foresight may be a distinct behavioural phenotype of younger individuals with 
ASD relative to OCD and may relate clinically to behavioural rigidity and a need for 
sameness, as ASD individuals are less tolerant of delays and instead prefer immediate 
gratification to prevent uncertainty (Boulter et al., 2014). However, other studies have 
shown no performance impairments during TD in adolescents with ASD (Antrop et al., 
2006, Demurie et al., 2012). Thus, while the present findings support evidence for TD 
impairments specific to ASD relative to OCD, studies of larger, well-defined samples of 
ASD individuals are needed to confirm this hypothesis, as discrepancies are likely due 
to heterogeneity among samples of individuals with ASD.  
 However, despite these disorder-specific hot EF behavioural impairments, 
ASD-specific neurofunctional effects were observed only during ROI analyses of the 
outcome phase of the IGT but not during other conditions or during sustained attention 
or TD. These abnormalities were seen in the left IFG and insula, which were increased 
in activation to the presentation of reward versus loss relative to OCD and control boys 
and were observed only in ROI analyses. Moreover, this neurofunctional abnormality 
was observed alongside disorder-specific performance impairments related to 
perseverative choice behaviour. This is an important finding because it suggests for the 
first time that while overall IGT performance seems to be unimpaired in both ASD and 
OCD individuals, ASD boys show more nuanced differences on aspects of reward-
based learning related to perseverative decision-making that may influence decisions at 
a finer level. This is in line with key cognitive and neurofunctional impairments in ASD 
that may be related to perseverative choice behaviour; for example, there is evidence for 
poor PFC-mediated cognitive flexibility in ASD (Geurts et al., 2004, Ozonoff et al., 
2004, Verte et al., 2005, Sanders et al., 2008, Kriete and Noelle, 2015), which 
  295 
seemingly fits with perseveration in stereotyped and repetitive behaviours observed 
clinically (American Psychiatric Association, 2013). In addition, inferior frontal and 
insular hyperactivation to reward extends the limited previous findings of reward 
processing in ASD, as it has been reported that adolescents with ASD have increased 
activation in the insula (Cascio et al., 2012a) as well as in left frontal regions (Schmitz 
et al., 2008) during reward receipt. It is also interesting to note that the location of 
activation in the present study was in anterior regions of the insula and largely extended 
into inferior frontal regions. The anterior insula has been implicated in ASD with regard 
to its involvement in interoception and salience processing (Uddin and Menon, 2009), 
although a meta-analysis found this region to be hypoactivated in ASD individuals. 
However, this meta-analysis included studies from a number of domains including 
social processing and theory of mind, possibly confounding these results. Therefore, the 
present finding of disorder-specific fronto-insular hyperactivation support these regions’ 
unique implication in ASD but calls into question the specific role of this involvement 
such that fronto-insular regions may be differentially involved in social vs. non-social 
tasks of hot EF.   
However, perhaps more striking is the fact that neurofunctional abnormalities 
during hot EF tasks were predominantly shared between ASD and OCD. During TD, 
ASD and OCD patients relative to control boys shared reduced activation to delayed 
versus immediate choices in right ventromedial and lateral OFC extending into medial 
and inferior PFC, and in lateral cerebellum, PCC, and precuneus. Both patient groups 
also shared reduced activation relative to controls to immediate versus delayed choices 
in ACC and vmPFC extending into left caudate and in bilateral inferior temporo-parietal 
regions. Moreover, on the IGT, ASD and OCD boys shared reduced activation relative 
to controls during decision-making in left DLPFC and right IFG and insula.  
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Both the TD task and the IGT require temporal foresight to make decisions that 
will be beneficial in the long term. Ventromedial and ventrolateral fronto-limbic regions 
are key areas for successful temporal foresight (Christakou et al., 2011, Peters and 
Büchel, 2011), and the mPFC is important for reward-based decision-making in healthy 
individuals (Remijnse et al., 2005, Finger et al., 2008, Euston et al., 2012). In ASD, 
these results support previous findings of ventromedial and fronto-limbic abnormalities 
during reward-based decision-making involving monetary reward (Schmitz et al., 2008, 
Dichter et al., 2012b, Dichter et al., 2012d, Kohls et al., 2013). The present study also 
extends these neurofunctional abnormalities to individuals with OCD, who have been 
shown to have both structural and functional deficits in orbitofronto-striatal networks 
(Menzies et al., 2008, Radua et al., 2010, Norman et al., 2016), including vmPFC, OFC 
and ACC projecting to striatal regions in adults and adolescents (Menzies et al., 2008, 
Brem et al., 2012). Moreover, these results are corroborated by findings of reduced 
DLPFC and caudate activation in adults with OCD relative to controls during planning 
and forward-thinking behaviour (van den Heuvel et al., 2005b, van den Heuvel et al., 
2011). Collectively, this evidence of shared dysfunction in ventro-medial and 
dorsolateral prefronto-striatal regions between ASD and OCD boys suggests a common 
neurofunctional mechanism of hot EF dysfunction related to temporal foresight and 
forward planning. Moreover, shared reduced activation of PCC/precuneus/lateral 
cerebellum in both clinical groups compared to controls during choices of delayed 
reward is in line with similar evidence in ADHD individuals during TD (Rubia et al., 
2009a), suggesting that reductions in this region may be a shared feature across a 
number of disorders which commonly emerge during childhood and exhibit features of 
impulsivity (Fineberg et al., 2009). Furthermore, enhanced activation in this region in 
both patient groups was related to improved task performance, suggesting a brain-
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behaviour link related to impaired hot EF observable in adolescents with ASD and those 
with OCD.  
In line with the DLPFC’s role in working memory and value representation 
(Ridderinkhof et al., 2004, Li et al., 2010), as well as ventrolateral PFC and insular 
regions’ roles in stimulus saliency and affective decision-making (Phillips et al., 2003), 
these results provide first evidence that adolescents with ASD and OCD may share 
deficits in their ability to assign emotional salience to decisions during hot EF, possibly 
indicating difficulty with goal-directed learning. This theory has been proposed in OCD 
(Gillan and Robbins, 2014), but these results suggest that this theory could be extended 
to ASD in the context of decision-making under ambiguity. Moreover, these results may 
suggest shared functional immaturity of decision-making networks incorporating these 
regions in ASD and OCD, as a previous study in healthy adolescents and adults found 
age-related changes within dorsal and ventrolateral PFC regions during the IGT 
(Christakou et al., 2013a).  During the outcome anticipation phase of the IGT, both 
patient groups shared underactivation relative to controls in left orbitofrontal and 
ventrolateral PFC regions and the VS. Reduced activation in these regions during hot 
EF tasks of decision-making, particularly during reward anticipation and presentation 
but also during choice switching, has been well-documented in OCD (Remijnse et al., 
2006, Chamberlain et al., 2008, Menzies et al., 2008, Britton et al., 2010, Figee et al., 
2011, Jung et al., 2011). Moreover, fronto-striato-limbic abnormalities including 
reduced VS activation have been observed in ASD during outcome anticipation, 
presentation and reward learning (Dichter et al., 2012b, Kohls et al., 2013, D'Cruz et al., 
2016). Therefore, these results collectively suggest that reduced ventrolateral prefrontal, 
orbitofrontal and ventral striatal activation during reward anticipation and receipt may 
be a shared neurofunctional abnormality common to individuals with ASD and OCD. 
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During the IGT, despite the fact that all three groups had comparable overall 
proportions of safe choices, computational modelling results showed shared differences 
in ASD and OCD boys compared to controls on two model parameters. Both ASD and 
OCD boys had lower average parameter estimates for choice consistency and 
reinforcement learning weight, suggesting that these groups shared differences in 
decision-making strategies that were distinct from the control group. This evidence is in 
line with previous findings that high-functioning ASD adolescents showed increased 
switching among deck choices on the IGT compared to controls (Johnson et al., 2006, 
Yechiam et al., 2010) and extends this evidence to OCD adolescents. In line with 
evidence of impaired reward learning in both groups on other reward-based decision-
making hot EF tasks (Nielen et al., 2009, Scott-Van Zeeland et al., 2010b), both patient 
groups also showed less reliance of reinforcement learning strategies. Therefore, these 
collective results suggest that ASD and OCD boys exhibited increased exploratory 
behaviour independently of other choice parameters such as outcome sensitivity, 
presenting novel evidence for unique patterns of reward-based decision-making shared 
between ASD and OCD adolescents. Clinically, this shared decision-making style may 
relate to overlapping patterns of persistent repetitive behaviours.  
In summary, these shared findings during hot EF tasks suggest dorsolateral and 
ventromedial prefronto-ventral striatal as well as temporo-parietal activation decreases 
in both disorders relative to controls, which may relate to abnormalities in hot EF and 
reward-based decision-making. Moreover, lateral cerebellar activation decreases were 
shared between ASD and OCD during TD, suggesting a shared mechanism for this 
cerebellar sub-region specific to hot EF abnormalities, in contrast to shared cerebellar 
vermis overactivation observed during sustained attention. Findings support evidence of 
temporo-parietal and cerebellar dysfunction commonly observed during social functions 
in ASD (Kana et al., 2014, Wang et al., 2014, Igelström et al., 2016) and extend this 
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evidence to OCD as a shared mechanism in the context of hot EF. Moreover, evidence 
of VS dysfunction during reward-related EF in both disorders is also supported 
(Dichter, 2012, Langen et al., 2012, Fineberg et al., 2014, Langen et al., 2014, Norman 
et al., 2016).  
8.4 Conclusions 
The findings from this thesis suggest that there are both shared and disorder-
specific behavioural and neurobiological abnormalities in adolescent boys with ASD 
and with OCD compared to typically-developing control boys during tasks of cool and 
hot EF, as observed in a comparative meta-analysis and in experimental fMRI studies of 
sustained attention, temporal foresight and gambling. Structurally, children and adults 
with ASD and with OCD share reduced GMV relative to controls in medial prefrontal 
regions important for top-down control of ventromedial prefronto-striato-limbic systems 
of affect and motivation. These results were paralleled by the fMRI and conjunction 
meta-analyses which similarly showed shared overlapping functional reductions in this 
region. The reduced structure and function in MPFC were also observed in previous 
meta-analyses of other disorders such as anxiety, bipolar disorder, schizophrenia, 
depression and conduct disorder (Glahn et al., 2008, Goodkind et al., 2015, Alegria et 
al., 2016, Wise et al., 2016), many of which commonly develop in 
childhood/adolescence. However, disorder-specific increases in striato-insular GMV 
and activation during cognitive control were observed in OCD compared to ASD (and 
right striatal GMV was decreased in ASD), extending meta-analyses in OCD (Radua 
and Mataix-Cols, 2009, Radua et al., 2010). Recent mega-analyses suggest that these 
structural differences may be a developmental age-related effect, as striatal GMV 
abnormalities have been less consistently observed in children versus adults with OCD 
(Boedhoe et al., 2017) and are preserved across the lifespan in OCD compared to GMV 
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decline in healthy controls (deWit et al., 2014). ASD individuals had increased but 
OCD individuals had reduced GMV in left DLPFC, suggesting differential 
abnormalities that may relate to functions such as working memory and the link 
between prefrontal executive control regions and the BG (Petrides et al., 1993). These 
structural results were paralleled by fMRI results which showed reduced dorsolateral 
prefrontal activation specific to ASD, presumably related to poor frontal control over 
subcortical regions. Reduced DLPFC activation may also be a signature of specific 
impairments in attention-related aspects of cool EF tasks, as the DLPFC has been 
shown to be important for the representation and maintenance of attentional demands 
during EF (MacDonald et al., 2000). Interestingly, while DLPFC activation reductions 
were specific to ASD, reduced mPFC/ACC activation was observed as a shared deficit 
in both ASD and OCD. The aforementioned study from MacDonald and colleagues 
(MacDonald et al., 2000) also showed that the role of the DLPFC was distinct from that 
of the ACC, which was more closely linked to performance monitoring and evaluation 
during EF, suggesting dissociable roles for dorsal lateral versus medial prefrontal 
regions in the context of cognitive control that are, respectively, ASD-specific versus 
shared. These results collectively suggest that overall divergent structural and functional 
abnormalities in fronto-striatal networks including lateral prefrontal regions important 
for top-down control, as well as more bottom-up BG regions, may be identifying factors 
in the pathophysiology of these disorders.  
In the fMRI meta-analysis of cognitive control studies, ASD also showed 
disorder-specific signatures of enhanced PCC activation, possibly related to reduced 
default-mode deactivation. Moreover, OCD individuals had disorder-specific decreased 
temporo-parietal activation, presumably reflecting deficits in posterior attention 
systems, whereas ASD-specific DLPFC abnormalities may be related to fronto-striatal 
attention network deficits (MacDonald et al., 2000). 
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Abnormalities during sustained attention were primarily disorder-specific to 
OCD relative to ASD, as OCD boys had decreased activation in left inferior-fronto-
insular regions and right PCC and STL but progressively increased activation in 
rMPFC, important for attentional control. Shared increased activation relative to 
controls during sustained attention was observed in key cerebellar regions associated 
with sustained attention. During TD, behavioural deficits were disorder-specific to ASD 
boys indicating heightened impulsivity and lower tolerance for delays, but no robust 
disorder-specific neurofunctional effects were found on this task in either patient group. 
Indeed, predominantly shared abnormalities between ASD and OCD boys were 
observed during both hot EF tasks in fronto-striatal regions including ventromedial PFC 
and lateral OFC and caudate, as well as cerebellum, PCC and precuneus, and bilateral 
inferior temporo-parietal regions, suggesting shared deficits in the neural underpinnings 
of forward-thinking and motivated decision-making. Finally, during the IGT, both 
patient groups exhibited primarily shared abnormalities in decision-making strategies, 
showing less choice consistency and lower reliance on reinforcement learning, although 
ASD patients had disorder-specific abnormalities related to perseverative choice 
behaviour. Both groups shared reduced activation relative to controls in left dorsolateral 
prefrontal and right inferior and orbitofronto-insular regions key in reward-based 
decision-making and in left ventral fronto-striatal regions during outcome anticipation. 
However, during rewarded outcomes, ROI analyses showed that ASD boys had 
disorder-specific increased activation in left IFG and insula.  
Overall, results suggest that both ASD and OCD share reductions in 
dmPFC/dACC during predominantly cool EF tasks, in this case sustained attention and 
cognitive control, presumably related to shared deficits in top-down control of vmPFC-
limbic systems of affect and motivation. Conversely, dorsolateral, ventromedial and 
orbitofronto-striatal reductions were shared during hot EF tasks, suggesting common 
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mechanisms specifically in the context of emotionally-driven decision-making. These 
findings may relate clinically to symptoms related to reward saliency and problems with 
forward-thinking behaviour, although more studies are needed to formally test this 
relationship. Nonetheless, the identification of shared neurobiological mechanisms 
between ASD and OCD adolescents is an important step towards identifying and 
possibly treating abnormalities in trans-diagnostic behavioural phenotypes. Moreover, 
these studies provide first evidence to suggest that striato-insular and temporo-parietal 
abnormalities may be specific to OCD compared to ASD in the context of cool EF, but 
that similar abnormalities may be shared between these disorders in the context of hot 
EF. Furthermore, divergent shared findings in the cerebellum (shared increases during 
sustained attention, shared decreases during TD) were observed mostly in different 
cerebellar sub-regions (cerebellar vermis in SAT, lateral cerebellum in TD) and could 
also suggest a differential role for different parts of the cerebellum in the context of 
emotional (lateral) versus non-emotional (vermis) EF abnormalities common to ASD 
and OCD.  
Given the subjective nature of current diagnostic tools to assess these disorders, 
there is much scope for the development of objective, biologically grounded markers 
with which to identify symptoms and target treatments that may be common or unique 
across these disorders. This is especially important in the case of ASD and OCD, two 
disorders that commonly develop at an early age and can have long-lasting, debilitating 
effects on an individual’s life. 
8.5 Strengths and limitations  
These studies have a number of strengths but also some limitations which are 
discussed in this section.  
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One of the primary strengths of the fMRI studies conducted as part of this thesis 
is the investigation of mostly homogenous groups of patients; both the ASD and the 
OCD groups were all right-handed adolescent males between 11-17 years old who were 
free of psychiatric comorbidity and thoroughly assessed by consultant-level clinicians. 
Moreover, the majority of patients were medication naïve, with the exception of four 
OCD boys. It has been shown that handedness can have hemispheric effects in the brain 
(Knecht et al., 2000), so by including only right-handed boys, we were able to rule out 
any potential confounding effects handedness may have on brain activation (although 
this was not possible in the meta-analytic comparison). There is also evidence for sexual 
dimorphism in the brain (Sacher et al., 2013), particularly in individuals with ASD 
(Baron-Cohen et al., 2005). Therefore, recruiting only male participants increased 
sample homogeneity. Another strength of this study is the exclusion of psychiatric 
comorbidity from the clinical groups. It is known that ADHD, which is often comorbid 
with both ASD (van der Meer et al., 2012) and OCD (Brem et al., 2014), can have 
specific neurofunctional effects (Christakou et al., 2013b, Chantiluke et al., 2014b). 
Moreover, OCD-related disorders such as hoarding disorder and trichotillomania have 
been shown to be neurofunctionally distinct from OCD (Rauch et al., 2007, Tolin et al., 
2014), so the exclusion of individuals with diagnoses of these related disorders was a 
particular strength, again adding to the homogeneity of the samples. Furthermore, the 
careful selection and detailed assessment of patients from National & Specialist 
paediatric clinics ensured that, through extensive interviews with highly trained 
consultant psychiatrists, the ASD group was not comorbid with OCD and that the OCD 
group was not comorbid with ASD, assurance that was further corroborated with well-
validated and established parent rating questionnaires. Therefore, we could be fairly 
certain that any neurofunctional abnormalities observed in the study within each clinical 
group were specific to that disorder (although some caveats to this assertion are 
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discussed below). In addition, the inclusion of primarily medication-naïve adolescents 
was a study strength. ASD adolescents are occasionally prescribed psychotropic 
medication including SSRIs and antipsychotics (Benvenuto et al., 2013), and SSRIs are 
a common and often effective treatment in adolescent OCD (Soomro et al., 2008). It has 
been shown that these medications can have short (Carlisi et al., 2016a) and long-term 
neurostructural and neurofunctional effects (Navari and Dazzan, 2009, Murphy, 2010), 
so by investigating a primarily medication-naïve sample of ASD and OCD individuals, 
the potential confounding effects of medication use were removed, as findings remained 
largely unchanged when analyses were repeated excluding the four OCD patients who 
were prescribed medication. Moreover, it was not possible to include only medication-
free individuals in the meta-analysis, but potential effects of SSRI use on meta-analytic 
findings were tested within the OCD group through meta-regression, and results showed 
that medication did not have a large effect on volumetric or activation differences, 
although insufficient information was provided to test similar associations among the 
ASD studies.    
However, these studies are not without limitations. While group homogeneity is 
primarily a study strength, this somewhat reduces the generalisability and clinical 
applications of these findings, as it is uncommon in clinical practice to see such uniform 
groups of patients. Moreover, as mentioned throughout the experimental chapters of this 
thesis, although the absence of psychiatric comorbidity was confirmed by a consultant 
psychiatrist, the possibility that sub-threshold symptoms related to other disorders were 
present in our samples cannot be discounted, as it is relatively common for ASD and 
OCD individuals to exhibit symptoms related to other disorders without meeting criteria 
for a formal diagnosis of that disorder. Moreover, a limitation of this research is that 
specific measures assessing symptoms of anxiety and depression were not collected, 
and OCD or ASD were not formally excluded in the respective study groups via 
  305 
structured interview specifically assessing these disorders. Future studies should 
quantitatively consider the possible impact these symptoms may have on neurocognitive 
differences across groups. Although there were no statistically significant differences in 
age among study groups, age is another factor that could potentially confound results, 
especially in the context of investigating developmental disorders. However, this was 
addressed by including age as a covariate in all fMRI analyses as well as in the 
confirmatory matched meta-analysis. Nonetheless, the fact that it was not possible due 
to available studies and low statistical power to conduct an age-stratified subgroup 
analysis for the meta-analysis is a limitation which highlights the need for more future 
work in child and adolescent populations.  
Again, a study strength is the fact that the majority of participants were 
medication-naïve. However, due to practical restrictions and time constraints, it was 
necessary to include four adolescents with OCD who were prescribed stable does of 
SSRIs at the time of testing. However, the possible effects of medication were 
considered by either including medication status as a covariate in analyses or by 
repeating analyses excluding these four boys. Moreover, in the meta-analysis, 
medication use in OCD studies was considered in meta-regression analyses. All results 
largely showed that medication did not have a significant effect on brain function, but 
these sub-group results are somewhat difficult to interpret, as with only 16 patients in 
the OCD group, analyses were likely no longer adequately powered to detect 
differences.   
8.6 Future work 
Considering that this is the first set of studies to compare adolescents with ASD 
and with OCD on neuropsychological or neurofunctional measures, there is 
considerable scope for further research comparing the cognitive, structural and 
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functional substrates of these disorders, with wide-reaching clinical implications for 
diagnosis and treatment. 
This thesis has provided novel evidence that executive function deficits 
commonly observed in ASD and OCD may be underpinned by both shared and 
disorder-specific brain mechanisms. Moreover, this work has produced evidence that 
performance on reward-based decision-making tasks such as the Iowa Gambling Task 
may be due to more nuanced individual differences in strategies employed to learn from 
feedback and implement decisions. These strategies include the degree to which an 
individual utilises reinforcement learning and the frequency with which an individual 
shifts between choices, behaviours which were abnormal in both ASD and OCD 
adolescents compared to controls. These findings present a convincing case that 
neurocomputational mechanisms are important to consider alongside neurofunctional 
differences when investigating the shared and disorder-specific neurobehavioral 
correlates that underpin psychiatric disorders. Moreover, based on constraints of the 
specific computational modelling tools used in this thesis, it was not possible to obtain 
individual parameter estimates for each subject. However, individual differences are an 
important consideration if we are to fully understand the mechanistic underpinnings of 
behaviour, and future studies should aim to investigate such differences. 
The scope of this thesis limited investigation to three EF tasks. However, it is 
possible and indeed likely that abnormalities in regions observed in these investigations 
are also implicated in a number of other cognitive domains and tasks. Therefore, future 
studies should extend the present comparative results to other EF domains such as e.g. 
working memory and social motivation. In addition, it would be interesting in future 
fMRI studies to compare ASD with other disorders, including OCD, within the context 
of emotion processing to assess the degree to which neurofunctional abnormalities 
observed during these cognitive processes are truly disorder-specific and unique to 
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ASD. This research is important given the implication of social processing 
abnormalities among ASD adolescents (Baron-Cohen, 2001, Di Martino et al., 2009), 
the relative dearth of research into socio-emotional processes in other disorders such as 
OCD, and the co-morbidity of other emotion-related disorders such as anxiety in both 
ASD (Simonoff et al., 2008, Murphy et al., 2014) and OCD (Mataix-Cols et al., 2005). 
On the topic of comorbidity, future studies should also collect questionnaire measures 
probing behaviours related to other disorders including depression, anxiety and ADHD 
to more precisely quantify sub-threshold symptoms and how they may relate to 
observed abnormalities. 
Based on the findings from these studies, one can begin to draw conclusions 
regarding the functional relationships among brain regions that were observed to be 
over or underactive relative to control groups. Therefore, functional connectivity 
analyses would be a logical next step for future studies. This is especially important 
given the hypotheses formulated relating to fronto-striatal circuitry and dysregulation 
within these and other (e.g. attention, salience, default-mode) networks. Given that the 
brain functions as an interconnected network of the regions, analyses investigating how 
these regions communicate with one another and how activity among these regions is 
correlated are necessary. This is an important next step in gaining a more complete 
understanding of functional mechanisms underpinning behaviour in ASD and OCD. 
Moreover, this information can inform clinically-relevant treatment development in the 
future, including identifying potential targets for neurostimulation and neurofeedback, 
cognitive bias modification, and psychopharmacological interventions.    
Developmental effects on brain structure and function have been shown in 
studies across both ASD (Brambilla et al., 2003) and OCD (deWit et al., 2014). 
Therefore, it is important to, as this thesis has done, investigate brain abnormalities in 
younger age groups. However, it is essential that future studies broaden this approach 
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by investigating age-related changes across the lifespan of these disorders, including not 
only children and adolescents but also adults to study how the brain changes across the 
course of these disorders that often develop in childhood but persist into adulthood. 
Moreover, given that both ASD and OCD are associated with developmental changes 
across the lifespan (Courchesne, 2004, deWit et al., 2014), conducting longitudinal 
investigations of brain abnormalities is critical for a complete understanding of not only 
cross-sectional similarities and differences at different time points and developmental 
stages, but also a comparison of developmental trajectories over time between these 
disorders.   
This is the first set of studies to compare individuals with non-comorbid ASD or 
OCD. It has provided evidence for shared and disorder-specific brain abnormalities 
between these disorders, but a critical next step is to compare these non-comorbid 
groups with a group of individuals with comorbid ASD and OCD. Other studies (e.g. 
(Chantiluke et al., 2014b)) have made this comparison with ADHD and autism and 
found that the comorbid ADHD/ASD group had brain abnormalities that were distinct 
from both non-comorbid patient groups, suggesting that comorbidity between these two 
disorders results in unique neural signatures that are not simply an additive pathology of 
the two conditions. To gain a complete understanding of the phenotypes that are indeed 
shared and disorder-specific to ASD and OCD, the comparison with a comorbid group 
of individuals is necessary.  
A final limitation to consider is the issue of task-specificity. This thesis has 
focused on elucidating disorder-specificity of brain regions implicated in the 
pathophysiology of ASD and OCD during particular subdomains of executive functions, 
i.e. inhibitory control. This included tasks of motor and interference inhibition as well 
as switching. However, the specificity of brain abnormalities to each of the types of 
fMRI tasks employed has not been examined. Furthermore, it remains to be investigated 
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whether the two disorders share similar or different neurofunctional substrates in other 
task contexts such as emotion or social paradigms. It has been suggested that there may 
exist a generalised, non-specific task-independent brain network that is engaged during 
any task requiring higher-level cognitive resources, regardless of the cognitive construct 
being investigated (Hugdahl et al., 2015). Indeed, many of the brain regions observed in 
this thesis that were abnormally activated in patients relative to controls were partially 
overlapping among the three fMRI tasks, particularly in prefrontal and insular regions. 
Future studies should consider task-specificity of functional abnormalities and compare 
activation across more homogenous tasks or task domains as well as across groups. 
Such investigation would add to the literature of disorder-specificity introduced in this 
thesis by systematically examining whether certain domains of neurocognitive 
dysfunction are specific to one disorder or shared between the two.  
8.7 Final remarks  
In conclusion, this PhD has provided the first evidence of shared and disorder-
specific brain abnormalities in boys with ASD compared to boys with OCD during 
sustained attention, temporal discounting, and the Iowa Gambling Task. Moreover, it 
has provided large-scale, meta-analytic evidence for shared and disorder-specific 
differences in brain structure and brain function during tasks of cognitive control in both 
children and adults with ASD or OCD. The main conclusions of this thesis can be 
summarised as follows:  
1) In the multimodal comparative meta-analysis, children and adults with ASD and 
with OCD exhibited shared widespread reductions in both function and structure in 
mPFC and dACC. OCD individuals showed reduced temporo-parietal activation and 
enhanced structure and functional activation in BG and insula relative to controls 
and ASD individuals, who furthermore had reduced GMV in right-hemispheric BG 
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and insula as well as disorder-specific increased GMV but reduced function in 
DLPFC. These results suggest a disorder-dissociated difference in fronto-striatal 
executive networks resulting in poor top-down mediation during cognitive control. 
This is in line with theories of fronto-striatal dysregulation in OCD, with poor 
medial prefrontal control over enlarged and over-active striato-insular regions, but a 
general reduction in activation within dorsolateral and medial prefronto-striatal 
regions in ASD.  
2) Boys with ASD had disorder-specific behavioural impairments on both hot EF 
tasks, as well as disorder-specific increased left IFG and insula activation to reward 
outcome during the IGT, suggesting an ASD-specific neurofunctional impairment in 
reward sensitivity. Boys with OCD had disorder-specific deficits only during 
sustained attention, where they had decreased activation in fronto-insular and 
temporo-parietal regions and increased activation in medial PFC compared to ASD 
and control boys. Although clinical utility of these findings is limited as yet, future 
research may extend this work into the identification of potentially useful 
biomarkers for differentiating between these two disorders.  
3) Shared deficits were observed predominantly during hot EF tasks in ventromedial 
and lateral prefronto-striatal and inferior temporo-parietal regions during TD, in 
dorsolateral and inferior-fronto-insular as well as orbito-fronto-ventral striatal and 
lateral cerebellar regions during decision-making on the IGT, but also in the vermis 
of the cerebellum during sustained attention. Concurrent shared abnormalities in 
decision-making strategies were related to choice consistency and reinforcement 
learning. These results suggest that phenotypes of ventrolateral prefrontal and 
orbitofronto-ventral striato-insular and cerebellar dysfunction during hot EF may be 
common to ASD and OCD. 
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This study makes a novel contribution to the field, as it shows both shared and 
disorder-specific abnormalities in homogenous groups of boys with either ASD or OCD 
during three cognitive tasks. Most importantly, it provides the first direct comparison 
between these disorders on any measure of behaviour, cognitive function, or brain 
structure and function. Moreover, this approach provides important advances for the 
investigation of trans-diagnostic phenotypes, as outlined by recent efforts such as the 
Research Domain Criteria (RDoC; (Insel et al., 2010)). Although more research is 
needed to support these findings and inform any potential clinical and treatment 
implications, this thesis provides convincing evidence that there are shared and 
disorder-specific neurobiological factors that may be driving EF abnormalities and 
possibly respective as well as trans-diagnostic symptoms in each disorder, and that 
fMRI may be a useful tool for the further investigation of these factors.  
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APPENDIX A – PARTICIPANT RECRUITMENT AND 
QUESTIONNAIRE MEASURES  
All study participants were adolescent boys between 11 and 17 years of age and 
were all right-handed, as first confirmed verbally by parents and later in writing with the 
Edinburgh Handedness Inventory (Oldfield, 1971), a ten-item questionnaire assessing 
whether participants perform various daily actions (e.g. writing, using a toothbrush) 
with the left or right hand.  
Typically-developing control participants were recruited by local advertisement. 
Parents of all control participants completed a phone screen before being invited to the 
Institute of Psychiatry, Psychology and Neuroscience for study participation. Aside 
from basic information including contact details and date of birth, this phone screen 
asked questions to determine whether it was likely that the young person would meet 
inclusion criteria (and would not meet exclusion criteria) for study participation. Parents 
were asked whether their son was currently taking or had ever taken any psychiatric 
medication. It was specified by the researcher conducting the phone screen that this 
includes but is not limited to medication for ADHD such as stimulants, or for 
anxiety/depression or OCD such as SSRIs. Any other non-psychiatric medication use 
was also recorded and queried with a psychiatrist if the medication called into question 
study eligibility. Parents were also asked whether they had ever sought treatment or 
medical advice for their son related to psychiatric difficulties, mental health or 
neurological problems (and whether this resulted in any diagnosis), whether their son 
had ever experienced learning difficulties, and whether he had any history of substance 
use. Lastly, for MRI purposes, parents were asked whether their son was claustrophobic 
or had any metal in his mouth or body, such as dental work or surgical pins. If parents 
endorsed any of the above, follow-up questions were asked by the researcher to 
determine eligibility. Exclusion criteria for control participants were lifetime psychiatric 
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medication use, any psychiatric diagnosis, neurological abnormalities, learning 
disability, and MRI contraindications.  
Boys with ASD and with OCD were recruited from Child and Adolescent 
Mental Health Services (CAMHS) within the South London and Maudsley (SLaM) 
NHS Trust. Boys with ASD were referred to services for assessment of ASD-related 
symptoms and behaviours, and autism was the primary clinical concern. ASD diagnosis 
was made using ICD-10 research criteria (WHO, 1992), and a consultant psychiatrist 
confirmed absence of any other psychiatric comorbidity based on observation. All ASD 
boys were medication naïve. To confirm ASD diagnosis, parents of ASD completed the 
Autism Diagnostic Interview – Revised (ADI-R; (Lord et al., 1994)), which is a semi-
structured, clinician-administered interview for caregivers of individuals for whom 
ASD is a clinical concern or possible diagnosis. It consists of 93 items assessing three 
functional domains: language/communication, reciprocal social interaction and 
restricted, repetitive and stereotyped behaviours and interests. The interview procedure 
is highly structured and standardised, assessing five general content areas: background 
(education, previous diagnoses, medication history), communication (both early and 
current), social development and play (early and current), repetitive and restricted 
behaviours (current and lifetime), and general behaviour problems including aggression 
and self-injury. The interview usually lasts around 1½ hours, although for older children 
this estimate can be substantially longer. Items covered in the interview are scored by 
the rater on a scale of 0 (“no definite behaviour of the type specified”) to 3 (“extreme 
severity”), though in scoring the items, scores of 3 get re-coded to 2 (“definite abnormal 
behaviour”). All items are scored for current behaviour unless the behaviour is relevant 
only to specific age periods. Scores are generated for each of the three domains: 
communication and language, social interaction and restricted, repetitive behaviours. 
ASD was classified if scores in all three domains exceeded specified cut-offs: 
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communication and language-8, social interaction-10 and restricted, repetitive 
behaviours-3. All ASD participants in this study scored above these cut-offs in all 
domains.  
ASD boys also underwent the Autism Diagnostic Observation Schedule (ADOS; 
(Lord et al., 2000)). The ADOS is a semi-structured observational interview assessing 
communication, social interaction and imaginative play for individuals for whom ASD 
is a clinical concern or possible diagnosis. The ADOS consists of four modules based 
on varying levels of development and language abilities, and each module consists of 
standardised activities/tasks which allow the examiner to observe the presence or 
absence of behaviours associated with the ASD phenotype. Observation typically lasts 
around 45 minutes, and participants’ responses during each activity are recorded. 
Within each module, the examiner deliberately varies his/her behaviour using a 
hierarchy of structured and unstructured social norms to ‘press’ the individual being 
observed to exhibit behaviours of relevance to the ASD phenotype. Overall ratings are 
made at the end of the schedule, where each item is scored on a three-point scale (0 – no 
evidence of abnormal behaviours related to autism to 3 – severe abnormalities). Scores 
are totalled into two domain scores: communication and social interaction, and one 
combined score: communication and social interaction. Autism and ASD diagnoses are 
then formulated through a diagnostic algorithm for each module. Cut-off scores for each 
domain for autism and ASD are as follows: communication: autism-4, ASD-2; social 
interaction: autism-7, ASD-4; combined: autism-12, ASD-7. All ASD participants 
scored about cut-offs for autism in all domains of the ADOS.  
OCD participants were recruited mainly from the National & Specialist OCD 
clinic at the Michael Rutter Centre, SLaM NHS Foundation Trust. The remaining 
participants were recruited from other CAMHS services in the South London area. OCD 
diagnosis was made in accordance with ICD-10 research criteria (code F42) and 
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comorbidity with other psychiatric disorders was ruled out by a consultant psychiatrist. 
If expert clinical opinion called into question the possibility of comorbid symptoms or 
diagnosis, the individual was not included in the study. OCD diagnosis was confirmed 
with the Children’s Yale-Brown Obsessive Compulsive Scale (CY-BOCS; (Goodman et 
al., 1989)). Trained interviewers administered the CY-BOCS to the patient in the form 
of an extended semi-structured interview usually lasting upwards of two hours. The CY-
BOCS divides symptoms into obsessions and compulsions and asks patients to endorse 
or deny specific behaviours associated with sub-domains within each category. 
Compulsions are divided into 9 domains: washing/cleaning, checking, repeating, 
ordering/arranging, counting, hoarding/saving, excessive games/superstitious 
behaviours, rituals involving other persons, and miscellaneous compulsions. Obsessions 
are divided into 8 domains: contamination, aggressive, sexual, hoarding/saving, magical 
thoughts/superstitions, somatic, religious, and miscellaneous. Scoring is completed at 
the end of each category (compulsions/obsessions) based on responses to 5 questions: 
time spent, interference, distress, resistance, and control. Responses are scored using a 
Likert scale of 0-4, where 0 indicates least severe and 4 indicates extremely severe. 
Responses to these 5 questions are totalled to obtain 2 sub-scores, compulsions and 
obsessions, and these sub-scores are added together to obtain the overall total score. 
Cut-offs for the total score are as follows: 0-7: subclinical, 8-15: mild, 16-23: moderate, 
24-31: severe, 32-40: extreme. All OCD participants scored above the cut-off for 
moderate severity. All OCD participants were medication naïve with the exception of 4 
boys who were prescribed stable doses of SSRIs at the time of testing.  
Parents of ASD individuals and typically-developing controls completed the 
Social Communication Questionnaire (SCQ; (Rutter et al., 2003)) – current version. The 
SCQ is a brief 40 item screening measure for ASD consisting of yes/no questions. Each 
response which endorses symptoms potentially related to ASD receives a score of 1, 
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while negative responses receive a score of 0. Responses are summed to obtain a total 
score. Cut-off score for ASD symptoms that would likely result in a diagnosis is 15, 
though individuals who score in the 10-15 range are often referred for further 
evaluation. Due to the fact that some of the OCD participants were recruited prior to the 
timeline of this thesis, SCQ scores were not available for the entire OCD sample and 
were thus not reported in the empirical chapters of this thesis, but all OCD participants 
who did complete the SCQ scored below cut-off for ASD.  
Parents of all participants also completed the Strengths and Difficulties 
Questionnaire (SDQ; (Goodman and Scott, 1999)). The SDQ is a parent-rated brief 25 
item behavioural screening questionnaire for children and adolescents probing 
behaviours over the last six months. The 25 questions ask about positive and negative 
attributes divided into 5 sub-domains: emotional, conduct, hyperactivity/inattention, 
peer relationships, and prosocial behaviour. Responses are made by indicating for each 
item Not True, Somewhat True, or Certainly True. Based on whether the question is 
asking about positive or negative behaviour, responses are given a score of 0, 1 or 2, 
where 0 indicates no problems, and 2 indicates clear presence of problems. The scores 
from these domains are added together to obtain sub-scores, and the first 4 domains are 
added together to obtain a total difficulties score. The SDQ also includes an impact 
supplement, which contains additional questions about whether the respondent thinks 
the young person has a problem and probes chronicity, distress, social impairment and 
burden to others. Responses on this supplement contribute to a separate impact score 
and do not influence total score. Sub-scores as well as total difficulties scores can be 
categorised into broad cut-offs according to ‘normal’, ‘borderline’ and ‘abnormal’ 
ranges. These cut-offs for total difficulties are, normal: 0-13, borderline: 14-16, 
abnormal: 17-40.  
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MRI suitability of clinical participants was confirmed with parents at the time of 
clinical assessment if the child was otherwise deemed suitable for study participation 
based on clinician confirmation of diagnosis (based on ICD-10 research criteria) and 
absence of any psychiatric comorbidity including depression and ADHD in all 
participants, ASD in OCD patients and controls, and OCD in ASD individuals and 
controls.  
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APPENDIX B – BRAIN ACTIVATION SSQ PLOTS WITH 
STANDARD ERROR BARS 
Sustained Attention Task (Chapter 5)  
  
 
Appendix B, Figure 1 - Between-group differences in brain activation between 
healthy control boys, boys with Autism Spectrum Disorder (ASD) and boys with 
Obsessive-Compulsive Disorder (OCD) 
Analysis of variance (ANOVA) showing the main effect of group on brain activation for all delays (2s, 
5s, 8s) combined, contrasted against 0.5s trials. Talairach z-coordinates are shown for slice distance (in 
mm) from the intercommissural line. The right side corresponds with the right side of the brain. 












































postcentral gyrus/STL  
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Appendix B, Figure 2 – Group x Delay interaction between healthy control boys, boys with Autism Spectrum Disorder (ASD) and boys with 
Obsessive-Compulsive Disorder (OCD) and delay condition (2s, 5s, 8s)  
Analysis of variance (ANOVA) showing group-by-delay interaction effects on brain activation. Talairach z-coordinates are shown for slice distance (in mm) from the 
intercommissural line. The right side corresponds with the right side of the brain. Red asterisks indicate significant difference between diagnostic group and controls. Black asterisks 
indicate significant difference within group between conditions.  *indicates significance at p<0.05, **indicates significance at p<0.005. 
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Temporal Discounting Task (Chapter 6)  
 
   
Appendix B, Figure 3 – Between-group activation differences for delayed minus immediate choices 
 (A) Axial slices showing split-plot analysis of variance (ANOVA) effects of group on brain activation to delayed – immediate choices. Talairach Z coordinates are indicated for slice 
distance (in mm) from the intercommissural line. The right side of the image corresponds to the right side of the brain. 
(B) Extracted statistical measures of BOLD response are shown for each of the three groups for each of the brain regions that showed a significant group effect. Black asterisks 
indicate a significant difference between controls and patient group. Red asterisk indicates a difference between the two patient groups. (*)= significant at a trend level; *=significant 
at the p<.05 level; **=significant at the p<.005 level; ***=significant at the p<.001 level.  
Abbreviations: ASD, autism spectrum disorder; BOLD, blood oxygen level dependent; HC, healthy controls; IFC, inferior frontal cortex; IPL, inferior parietal lobe; LOFC, lateral 
orbitofrontal cortex; L, left; MPFC, medial prefrontal cortex; MTL, middle temporal lobe; OCD, obsessive-compulsive disorder; PCC, posterior cingulate cortex; R, right; rACC, 
rostral anterior cingulate cortex; STL, superior temporal lobe; vmOFC, ventromedial orbitofrontal cortex 
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Iowa Gambling Task (Chapter 7) 
             
 
        
 
                        
 





Appendix B, Figure 4 – Between-group differences in brain activation between 
healthy control boys, boys with autism spectrum disorder (ASD) and boys with 
obsessive-compulsive disorder (OCD) 
Analysis of variance (ANOVA) showing the main effect of group on brain activation for the three phases 
of the Iowa Gambling Task. (A) Whole-brain results of the group effect during decision-making (choice 
phase, safe vs. risky), (B) Region of interest (ROI) results of the group effect during decision-making 
(choice phase, safe vs. risky), (C) Whole-brain results of the group effect during outcome anticipation, 
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(D) ROI results of the group effect during outcome anticipation, (E) ROI results of the group effect 
during outcome presentation (win vs. loss). Talairach z-coordinates are shown for slice distance (in mm) 
from the intercommissural line. The right side of the image corresponds with the right side of the brain. * 
indicates significance at the p<0.05 level, ** indicates significance at the p<0.01 level, *** indicates 
significance at the p<0.001 level. 
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APPENDIX C – COMPARISON OF CORRELATIONS 
BETWEEN BRAIN ACTIVATION AND TASK 
PERFORMANCE 
Chapters 6 and 7 of this thesis report correlations between SSQs extracted from 
brain regions which significantly differed in activation between groups and task 
performance measures. This appendix outlines a formal comparison of these 
correlations between groups using Fisher’s r-to-z transformation. 
Temporal discounting (Chapter 6) 
Chapter 6 reports that there was a significant correlation between AUC, the 
performance measure for the TD task, and cerebellum/occipital lobe/PCC/precuneus 
activation in ASD (r=-0.66, p<0.001) and OCD (r=-0.45, p<0.05) individuals. These 
correlations were statistically different between controls (r=-0.25, p=0.28) and ASD 
boys (z=1.69, p<0.05) but not ASD and OCD boys (z=0.97, p=0.17) or OCD boys and 
controls (z=-0.66, p=0.26).  
 AUC was also associated with activation in L STL/IPL in the ASD group 
(r=0.41, p=0.03). This correlation did not statistically differ from that in the control 
group (r=0.14, p=0.55; z=-0.94, p=0.17) or the OCD group (r=0.35, p=0.13; z=-0.22, 
p=0.41), and correlations in the OCD group and control group did not significantly 
differ (z=0.66, p=0.26).  
Lastly on the TD task, AUC was associated with activation in right 
MTL/STL/insula in the ASD (r=0.39, p=0.04) and OCD (r=0.59, p=0.006) groups. 
These correlations did not significantly differ between controls (r=0.32, p=0.16) and 
ASD individuals (z=-0.231, p=0.409) or OCD individuals (z=-1.02, p=0.16) nor 
between ASD and OCD individuals (z=-0.89, p=0.19). 
Iowa Gambling Task (Chapter 7)  
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On the IGT, advantageous preference ratio was associated with left DLPFC 
activation during whole brain analysis of the choice phase in the control group (r=0.43, 
p=0.008). This correlation was significantly different from that in the OCD group (r=-
.28, p=0.09; z=0.01, p=0.03) but did not statistically differ from that in the ASD group 
(r=0.03, p=0.84; z=1.33, p=0.18). Correlations in the ASD and OCD groups did not 
differ from one another (z=0.96, p=0.34). 
Advantageous preference ratio was also associated with left IFG/insula 
activation during the whole brain analysis of the anticipation phase in controls (r=0.45, 
p=0.005). However, this correlation did not statistically differ from that in ASD (r=0.17, 
p=0.25; z=0.16, p=0.33) or OCD individuals (r=0.18, p=0.27; z=0.19, p=0.37). 
Moreover, correlations in the ASD and OCD groups did not significantly differ (z=-
0.04, p=0.97).  
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